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ABSTRACT

Extended metal atom chain (EMAC) complexes are multimetallic complexes of three or more metals,
often containing M-M bonds, with the metal ions arranged linearly. These complexes have significant
potential as molecular wires. They can elicit unique physical properties and reactivities, sometimes a
result of direct magnetic exchange between metal centers, especially when incorporating first row
transition metals. The synthesis of the first linear, triiron (II) complex with 2,6bis[(trimethylsilyl)amino]pyridine (H2LMe) featuring Fe-Fe bonding from our group, Fe3LMe3, motivated
the expansion of linear multimetallic EMAC complexes with Fe and Co, incorporating M-M bonds. The
complexes investigated herein were supported by an expanded ligand library of H2LR, for example 2,6bis[(triethylsilyl)amino]pyridine (H2LEt), and 2,6-bis[(dimethylisopropylsilyl)amino]pyridine (H2LiPr), to
probe and compare physical properties and reactivity to Fe3LMe3, including effects of ligand sterics, ligand
donor ability, metal identity, magnetism, and redox. Reported herein is the first worthy congener for
Fe3LMe3, a linear tricobaltous complex, Co3LMe3, to compare magnetic behaviors, and electrochemical and
physical properties when switching metals. The complexes are isostructural, however investigations of the
tricobaltous complex revealed many differences when compared to the first linear triferrous complex. A
synthesis approach with Fe2Mes4 to modify and improve the synthesis of Fe3L3Me was also reported. The
compounds investigated were characterized by 1H NMR, 13C NMR, Evans method, UV-Vis spectroscopy,
X-ray diffraction, cyclic voltammetry, and computational analysis.
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CHAPTER 1
INTRODUCTION

1.1 Extended Metal Atom Chain Complexes (EMACs)
Thousands of multimetallic complexes have been investigated throughout history, however, there is a
smaller subset that has been intensively studied that incorporate direct M-M bonding (M-M).1 A smaller
portion of this subset are the extended metal atom chain (EMAC) complexes which have 3 or more
metals, often with M-M bonding, that are arranged linearly into a chain like arrangement. This linearity
can have important implications for orbital alignments, magnetism, electronic structures, reactivity, ligand
preference, and other physical properties, sometimes as a result of direct magnetic exchange between
metal centers, especially when incorporating first row transition metals.2,3,4,5 EMACs, also known as
“metal strings”, have interesting potential as molecular wires.6,7 Another application of these
multimetallics is the possibility of promoting multielectron reactions with small molecule substrates using
coupled single electron transfers from multiple metals in the EMAC, often referred to as metal based
cooperative reactivity.8 With this potential, the library of EMACs is still somewhat limited because they
are challenging to create synthetically. If one desires to make a high spin derivative of an EMAC, the
challenge increases significantly due to the necessary low coordination numbers which are hard to
stabilize, while also avoiding other strong metal-ligand interactions, and the moderate to weak M-M
bonds, if any.2 There are known EMACs; however, due to these inherent challenges, including sensitivity
to oxidation or hydrolysis, trimetallics incorporating first row transition metals have not been extensively
studied and the ones that are known have very similar structures. Our goal was to synthesize linear
multimetallic complexes that incorporate M-M bonds with Fe or Co, utilizing 2,6bis(trialkylsilylamino)pyridines (H2LR). There is significant incentive to use these earth abundant
transition metals, Fe and Co, compared to their heavier congeners because of their low cost, carbon
footprint, and low toxicity.9
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1.2 Ligand Comparison 2,2’-dipyridylamine (dpa) vs. 2,6-bis(trialkylsilylamino)pyridine (H2LR)
The most prevalent ligand utilized to support EMACs, which is almost exclusively used in over 400
trimetallic EMACs, is 2,2’-dipyridylamine (dpa).10 Zeide and Chichibabinin in 1914, and Dieplder and
Steinhäuser in 1916 were the first to synthesize dpa.11,12 In 1968, Robinson and Hurley synthesized
Ni3(dpa)4Cl2, the first EMAC reported utilizing the dpa anion.13 Dpa has favorable characteristics that
allow the ligand to support linear, trimetallic complexes of the form M3(dpa)4X2, where M = Cr, Co, Ni,
Cu, and where X are monoanion anions.10 An example structure, a trinuclear cobalt paddlewheel complex
supported by dpa, Co3(dpa)4Cl2, reveals the chlorines
at the axial positions, which are coordination sites that
are co-linear with the M-M bonding axis, and a
tetragonal coordination geometry of four dpa ligands
about the Co-Co-Co core (Figure 1.1).14 The important
characteristics that the dpa ligand has, include the
short distance of the N donors from each other,
simplicity of synthesis, and the ability to be
Figure 1.1. Crystal structure of Co3(dpa)4 Cl2

monoanionic once deprotonated.10 Desiring to make

14

investigated by Hillard and co-workers.

trimetallic EMACs with Fe and Co, a change in ligand

design strategy was necessary to diverge from the structural patterns observed with dpa with the goal of
generating new properties for trimetallic EMACs. In this work, 2,6-bis(trialkylsilylamino)pyridines
(H2LR) were chosen. Dpa and the family of H2LR ligands investigated herein, have similar donors with
similar orientations as shown in Figure 1.2, and as a result, they prefer multimetallic, M-M bonded
systems. The donors are also nitrogen based in H2LR, however two of them can be deprotonated to make a
dianionic form compared to the monoanionic dpa.10 Dpa structurally has two pyridyl rings connected by
an amine in the middle while H2LR has a pyridyl in the middle with silylamine moieties with 3 R groups
on each side of the pyridyl, which is sp3 hybridized and tetrahedral. Another key difference is that the R
groups of H2LR can be easily modified in
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Figure 1.2 Ligands 2,2’-dipyridylamine (Hdpa) and 2,6-bis(trialkylsilylamino)pyridines (H2LR).

comparison to dpa. The steric impact of the trialkylsilylamino moieties at the ends of H2LR, block the
axial sites from other ligand donors. The outer region of dpa
is merely carbons and hydrogens, thus allowing axial
ligation from the open space in complexes with dpa.10 A
basic example of complexes supported by H2LR highlighting
the positions of the open axial sites is shown in Figure 1.3.
Another difference between H2LR and dpa is the
coordination geometry around the coordinated metals. H2LR
exhibits a trigonal planar coordination geometry, while dpa

Figure 1.3. Axial coordination sites
of M3 LMe3, M = Fe or Co.

has a tetragonal coordination geometry.10 Altering the
coordination geometry from four ligand donors to three affects the orbital availability, spin, and M-M
bond strength.8

1.3 Significance of Ligand Design
It is crucial to have a properly designed ligand to support a linear, triferrous or tricobaltous complex.
H2LR was selected based on investigations of characteristics for ligands supporting highly reactive,
trigonal, three-coordinate iron complexes conducted by Patrick Holland with β-diketiminate ligands.15
The steric bulk of the trialkylsilyl moieties allows for access of EMACs with trigonal planar coordination
geometries about each metal ion.15 The bulky triakylsilyl groups in H2LR inhibit the coordination of more
than three H2LR ligands to the trimetallic core.15 The steric impact has further importance in that they
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block ligation in the axial sites, impinging upon space for axial ligation as compared to dpa.15 It is
believed that dpa can only support four coordinate, tetragonal coordination spheres because of its small
size.
The presence of axial ligands has a significant effect on the nature of the M-M interaction because
they share the orbitals involved in the M-M bond. Axial ligands provide another electron donor to the
outside metal sites, which can limit the strength of a bond with the central metal but stabilize the complex
overall. In this work, an overarching goal is the synthesis of axial ligand free EMACs, but that also
contain weak M-M bonds, but they are synthetically challenging to stabilize. If the metal-ligand
interactions are strong they tend to force low spin complexes, for example like those observed for
EMACs with Cr.8 The electrons that are introduced from the axial ligand to the M-M sigma bonding
manifold alter the strength of that interaction. Several investigations of Cr complexes conducted by
Cotton and co-workers observed the sensitivity to the basicity and amount of bound axial ligands to the
Cr center.16
If one presumes that there are legitimate M-M bonds in an EMAC, then the arrangement of ligands
about a multimetallic core has a substantial impact of the d-orbital bonding manifold that is generated.8
Examples of a low spin, tetragonal complexes and high spin, trigonal complex’s molecular orbital
diagrams (MOs) can be seen in Figure 1.4.8 On the left is an example of a tetragonal dichromium complex
(Cr2L4) and on the right, is an example of a trigonal dicobalt complex. The dichromium complex suggests
preference for low spin due to the strong quadruple M-M bonds (Figure 1.4, left). Weaker bonds tend to
result in high spin, as observed from the dicobalt complex (Figure 1.4, right). These investigations lead us
to predict our complexes to have high spin because the bonds are weak.17 If the metal-meal bond is not
strong enough, the bond will not form. If the M-M bond is too strong, then the electrons move down the
molecular orbital diagram resulting in a magnetic spin of S = 0.
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Figure 1.4. Molecular orbital diagrams of a low spin, tetragonal paddlewheel complex on the left (ex. CrCr) [Cr2L4] and a high spin, trigonal lantern complex on right (ex. Co-Co) [Co2L3].8 The gaps between
bonds have been condensed for viewing.

There are significant differences that are observed between the tetragonal, dpa based EMACs with
D4h symmetry and trigonal complexes with D3h symmetry formed using H2LR. For tetragonal, there are
two delta type orbitals, a bond and anti-bond, derived from interaction of the two dx2-y2 orbitals and two
from the dxy interaction, which are not symmetric or degenerate.8 In trigonal, the dx2-y2 and dxy orbitals
(delta antibond and bond) are degenerate and symmetric.8 Depending on the alignment of the ligands, the
d-orbital manifold can be redistributed, thus reiterating, although dpa and H2LR are structurally similar,
there are many characteristics, and abilities that differentiate the two.

1.4 Reactivity Potential of Linear Trimetallics
Multielectron redox processes in small molecule substrates have been extensively investigated in
heterogeneous catalysts and polynuclear metalloenzymes due to their M-M interactions.18 There is
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significant interest in the potential to utilize multiple metal centers in a complex to facilitate cooperative
reactivity and facilitate molecule activation by yielding coordination modes and metal sites for substrate
binding, aiding electron transport between proteins, and mediating multielectron processes.18,19 To
facilitate these processes, the designed ligand must feature open coordination sites (such as axial
positions) to permit interaction with metal ions.18 Multiple oxidation states can be stabilized, and
multielectron transformations can be facilitated by the M-M interactions from the polynuclear platforms.20
M-M bonds of late first-row transition metals, such as Fe and Co, have the ability to mediate two
electron reductive and oxidative processes.21 Direct M-M interactions are afforded by placing the metals
in close enough proximity of each other in a M-M bond.22 Often for a single metal ion, there is a large
thermodynamic barrier for either two electron reduction or oxidation, for example with Fe(II) or Co(II)
(Figure 1.5a). The bonded metals allow each individual metal to donate or receive only one electron and
yet yield a two-electron reaction from the multimetallic
system (Figure 1.5b).22 For example, oxidation of Fe2+
to Fe3+ is relatively easy by air, the idea is since with
three Fe2+, and the removal of one electron from one
iron is easy, there is up to 3 available electrons for redox

Figure 1.5. Multielectron redox reaction

(Figure 1.5b). The addition and removal of electrons

of (a) 2 electron oxidation of one metal,

alters the multimetallic system’s physical properties

where M= Fe or Co, and (b) 2 electron

such as magnetism when the metal ions are arranged

oxidation of three Fe(II).

linearly.23
For our group, redox chemistry with common oxidants and reductants such as ferrocenium
hexafluorophosphate ([Fe(C5H5)2]PF6) and potassium on graphite (KC8), may be investigated in the future
to probe these redox reactions. The trimetallic system’s response to the addition or removal of an electron
can be observed to see if the system may contract, expand, or break bonds. First-row transition metals are
more difficult to undergo these processes compared to their heavier congeners, the second and third-row
transition metals, however, metals such as Mn, Fe, Co, Ni, and Cu are cheaper, earth abundant, and can
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reduce harmful metal traces in our wastewater streams. Although multimetallics featuring these metals are
not extensively studied due to challenging synthesis and stabilization, they have oxidation states that can
be coupled, and ability to achieve low and high electronic spin states for unique magnetic investigations.

1.5 Seminal EMAC Fe3LMe3
The Guillet group in 2020 reported the first triiron EMAC with Fe-Fe bonds.17 This linear triferrous
EMAC complex (Fe3LMe3) had 3 bridging dianionic 2,6-bis[(trimethylsilyl)amido]pyridine ligands (LMe,2-)
with short Fe-Fe contacts, Fe-Fe = 2.44 Å (Figure 1.6).17 There are a wide range of dimetallic complexes
that incorporate M-M bonding, however, there is a scarcity of linear trimetallics EMACs, or larger
systems, as a consequence of their challenging syntheses. This is exceedingly true for Fe for which there
is only one published
example. There have
been a few other Fe(II)
based EMACs that
were discovered, for
example Cotton and coFigure 1.6. Crystal structures of Fe3 LMe3.

workers in 1998
reported a triiron

complex supported by N,N’-di(2-pyridyl)formamide.24 However, these complexes had large Fe…Fe
separations indicating nominal Fe interactions, in this case 2.78 Å.24 Even with this large Fe distance this
complex, [Fe3(DpyF)4](PF6)2, (DpyF = dipyridylformamide), had strong ferromagnetic between the three
Fe(II) centers.24
The physical properties, electronic structure, and reactivity of the Fe3LMe3 complex were characterized
by 1H nuclear magnetic resonance spectroscopy (NMR), 13C NMR, single-crystal X-ray diffraction
(XRD), Ultraviolet-visible spectroscopy (UV-Vis), zero-field 57Fe Mössbauer, cyclic voltammetry (CV),
computational methods, Evans method, and more.17 Fe3LMe3 exhibits a novel trigonal coordination
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geometry around each Fe(II), surrounded by a coordination environment of N donors with the ligands
forming a helix around the triiron core. In a clear deviation from known dpa based, EMACs the two axial
sites are vacant in Fe3LMe3. The complex contains short Fe-Fe bonds of 2.44 Å, suggestive of moderate to
weak M-M interactions.17 Solvent magnetic susceptibility collected at 300 K by Evans method, and
computational analysis by DFT (density functional theory) calculations have both suggested a high spin
complex, with ferromagnetic coupling of the ground spin state and an S = 6.17 This was predicted by
investigations of complexes with trigonal coordination geometry and short M-M interactions, along with
a specified ligand design.8,17

1.6 Overview and Goals
The discovery of this exceedingly rare triiron complex motivated the expansion of linear trimetallic
EMAC complexes with Fe and Co, supported by an expanded ligand library of H2LR, for example 2,6bis[(triethylsilyl)amino]pyridine (H2LEt), and 2,6-bis[(dimethylisopropylsilyl)amino]pyridine (H2LiPr), to
probe and compare physical properties and reactivity to Fe3LMe3, including effects of ligand sterics, ligand
donor ability, metal identity, magnetism, and redox (Figure 1.7). These results could lead to an
understanding of the effect of altering metal identity and steric bulk of a ligand when modulating donation
strength. The initial approach began by investigating the ligand’s ability to support multimetallic
complexes with either Fe(II) or Co(II) following the protocol for Fe3LMe3. Investigations with Fe and Co
were selected due to their unique magnetic behavior, and readily accessible oxidation states. There is also
a lack of linear trimetallics with Fe and Co with M-M bonding.
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Figure 1.7. Additional ligand derivatives related to 2,6-bis[(trimethylsilyl)amino]pyridine (H2LMe)
investigated in this work, namely 2,6-bis[(triethylsilyl)amino]pyridine (H2LEt), and 2,6bis[(dimethylisopropylsilyl)amino]pyridine (H2LiPr).

There have been numerous dpa based trimetallics EMACs with Ni and Co, however, many
differences are observed when switching transition metals as presented herein, shown with cobalt and iron
complexes, Co3LMe3 and Fe3LMe3, respectively. Chapter 2 summarizes the synthesis and investigations of a
novel linear tricobaltous complex (Co3LMe3) supported by three bridging dianionic methyl ligands (LMe,2-),
as the first worthy congener for Fe3LMe3 to compare magnetic behaviors, and electrochemical and physical
properties. The two complexes were revealed isostructural by XRD, with a helical arrangement of ligands
around the trimetallic core, no ligands, and similar metal to metal bond distances. Among the tricobalt
EMACS complexes, Co3LMe3 is the first with Co(II) in a trigonal coordination environment with the
absence of axial ligation. The complex was also characterized by 1H NMR, Evans method, UV-Vis
spectroscopy, cyclic voltammetry, and computational analysis. The physical and reactivity properties of
the tricobalt and triiron complexes were predicted to be similar based on their structures. However,
magnetic susceptibility measurements, electrochemical studies, among other experiments suggested
distinct and more complicated behavior than was observed for Fe3LMe3. These investigations of the
tricobalt complex also revealed sensitivity to solvent polarity, which was not observed for the triiron
complex.
A derivative of H2LMe was investigated by altering the methyl groups to ethyl groups, isolated as
H2LEt. The incentive was to probe the ability to support Fe or Co complexes, changes in the M-M
bonding, changes in coordination geometry, and changes in other physical properties compared to
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Fe3LMe3. The hypothesis was that modifying the ligand from trimethyl groups to triethyl groups would not
largely impact the synthesis of a trimetallic complex because they are structurally similar, and a similar
congener to Fe3LMe3 and Co3LMe3 would be produced for comparisons. The results of this work presented
in Chapter 3 uncovered inherent challenges when isolating the product of a lithiated ligand by
deprotonating the ligand before attaching the metals. This step is normally straightforward for the
deprotonation of the methyl ligand, affording a lithiated methyl ligand. Transmetalation with FeCl2 of the
ligand afforded a diiron complex with three ligands (Fe2L3Et); however, transmetalation with CoCl2 did
not yield any pure product. Although synthesis attempts to isolate a linear trimetallic complex with the
ethyl ligand derivative to compare to the triiron complex were not possible, H2LEt has demonstrated the
ability to support a diiron complex.
Chapter 4 discusses another variant of H2LMe by altering a methyl group to an isopropyl group,
following similar protocols as previously described for H2LMe to afford H2LiPr. Our efforts were to
observe if H2LiPr could support the formation of Fe or Co complexes, and how steric alteration, and ligand
donation ability affected the formation of metal complexes. The alteration of the ligand was hypothesized
to support a trimetallic complex exhibiting similar structural features as Fe3LMe3. A salt metathesis
approach with FeCl2 afforded mixed valent and differic diiron complexes. These complexes were
investigated by 1H NMR and XRD. Synthesis attempts with CoCl2 initially afforded intractable mixtures.
However, after a year of crystallization at room temperature, a tricobalt complex Co3LiPr3 was afforded,
revealing to be isostructural to Co3LMe3 by XRD.
Lastly, we sought to optimize the synthesis of Fe3LMe3 to produce a purer product, and to increase the
reaction yield utilizing tetramesityldiiron (Fe2(mes)4). It was hypothesized that incorporating the metal
and strong base together in Fe2(mes)4 would eliminate the deprotonating lithiation step, thus affording a
more efficient synthesis with higher yields and purer compound. The synthetic approach was attempted at
different temperatures, reacting Fe2(mes)4 and H2LMe in THF, successfully affording Fe3LMe3. Although
the synthesis of Fe3LMe3 was successful, purer product was not afforded and yields were lower than the
two-step salt metathesis approach normally used to synthesize Fe3LMe3.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF COBALT COMPLEXES SUPPORTED BY 2,6BIS[(TRIMETHYLSILYL)AMINO]PYRIDINE LIGANDS (H2LMe)

2.1 Introduction
Linear tricobalt complexes have been synthesized and investigated since the late 1900’s, and
interest has persisted in the tricobalt complexes supported by dpa of the form Co3(dpa)4X2, for example
the X = Cl- complex shown in Figure 1.1. For tricobaltous EMACs, there is significant interest in their
common spin crossover behavior, which means the complex switches between high and low spin
configurations with a stimulus, usually changing temperature. Though these dpa based tricobalt
complexes have intriguing properties, their structural properties still follow a common pattern, that is
tetragonal structures with two axial ligands. In this work, we have worked to generate linear tricobalt
complexes, Co3LMe3, that are isostructural with the known Fe3LMe3 including the absence of axial ligands
and trigonal coordination geometry of donors around each metal ion. At the beginning of my
contribution, a tricobaltous complex had been synthesized, supported by three bridging dianionic 2,6bis[(trimethylsilyl)amido]pyridine ligands (LMe, 2-), forming a helix around the tri-Co core. However,
very little had been done to optimize the synthesis of Co3LMe3, which followed the synthetic metathesis
protocol for Fe3LMe3, nor had work been done to determine the physical properties of this novel complex.
The results presented herein are investigations of the physical and reactivity properties of
Co3LMe3, highlighting challenges and unexpectedly complicated behavior. X-ray diffraction experiments
allowed for structural patterns to be determined. Electrochemical properties measured by cyclic
voltammetry suggested reversibility of redox events and accessible oxidation states. The magnetic
moment was measured by Evans method at room temperature to observe magnetic behavior. Magnetic
susceptibility measurements were compared to multiconfigurational computations to model the magnetic
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behavior of Co3LMe3. Measurement of physical properties also included ultraviolet-visible spectroscopy
and nuclear magnetic resonance spectroscopy.
There was significant incentive to investigate and compare the behavior of different multimetallic
systems to the seminal EMAC, Fe3LMe3, by slightly altering the ligand or incorporating different metals.
Although there are a few triiron EMACs in existence, none has been as structurally similar to Fe3LMe3 so
it is interesting that Co3LMe3 is isostructural to it while also being significantly different than other
previously published tricobaltous complexes. The data collected allowed a comparison of the physical and
reactivity properties when altering the metal identity in the complex, such as probing the effect of metal to
metal bonding changes, redox potential, and magnetism.

2.2 Synthesis of Co3LMe3
Synthesis of the ligand, H2LMe, is the initial step in affording Co3LMe3, following a two-step
reaction approach, utilizing the synthetic protocol as used for Fe3LMe3. It has been published before and a
summary will be given in Figure 2.1.17 In the case of H2LMe, it is synthesized by reacting 1 equivalent of
2,6-diaminopyridine, 2 equivalents of sodium bis(trimethylsilyl)amide (NaHMDS), and 2 equivalents of
trimethylchlorosilane in THF, resulting in a light yellow viscous oil. The 1H NMR spectrum of the ligand
collected in benzene-d6 displayed sharp peaks, implying uniformity across the whole sample, and
suggesting acceptable purity of the compound (Figure 2.2).

Figure 2.1. Synthesis of H2LR.
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Figure 2.2. 1H NMR spectrum of H2LMe in benzene-d6.

The synthesis of the H2LMe was then followed by deprotonation 2 equivalents of nBuLi in THF to
afford a THF-solvated, tetranuclear lithium complex, Li4L2Me·4(THF). Colorless, crystalline
Li4L2Me·4(THF) was isolated in 56% yield. Characterization by 1H NMR observed peaks at 0.45, 1.35,
3.47, 5.79, and 7.05 ppm from sample collected in benzene-d6 (Figure 2.3). The spectrum also exhibited
the expected integrations and peak splittings observed for Li4L2Me·4(THF).17
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Figure 2.3. 1H NMR spectrum of Li4L2Me·4(THF) in benzene-d6.

A transmetalation of Li4L2Me·4(THF), the protocol used for Fe3LMe3, was used to synthesize
Co3LMe3 (Scheme 2.1) by addition of 2 equivalents of anhydrous CoCl2 to a THF solution of
Li4L2Me·4(THF) for a 1 to1 LMe, 2- to Co(II) ratio. The reaction was run at room temperature and stirred
overnight. After multiple filtrations to remove LiCl the volume of the black filtrate was reduced to induce
crystallization, and the vial was stored at -30 °C until crystallization was complete. Dark green,
crystalline solid was isolated as Co3LMe3 at 29% yield from hexanes.

Scheme 2.1. Transmetalation of Li4L2Me·4(THF) to synthesize Co3LMe3.
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2.3 Results and Discussion
2.3.1 Molecular Structure
X-ray diffraction studies were conducted on single crystals of Co3LMe3 to determine the molecular
structure for comparison with Fe3LMe3. The crystal structure of Co3LMe3 revealed three linearly arranged
Co(II) ions with a trigonal coordination environment of N donors, with both Co-Co = 2.3942(6) Å bonds
symmetrically equivalent (Figure 2.4, Table 2.1). The three dianionic LMe ligands form a helix around the
tri-Co core, and there is no axial ligation, representing a significant departure from patterns seen using
dpa as the supporting ligand.

Table 2.1. Bond lengths (Å) and angles (˚) for Co3LMe3.

Figure 2.4. Crystal structure of Co3LMe3 with atoms as 30% probability ellipsoids. Si and C are
represented by orange and grey ellipsoids. Disorder and hydrogens omitted for clarity. Space Group =
C2/c and R1 = 3.80%.
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There are several tricobalt EMAC complexes, and the vast majority are supported by dpa. For
example, the tricobaltous dpa complex is tetragonal, Co3(dpa)4Cl2, and supported by 4 dpa ligands with
chlorido axial ligands (Figure 2.1).14 In contrast, Co3LMe3 is the first with Co(II) in a trigonal coordination
environment. The linearly bonded homometallic core of both Co3LMe3 and Co3(dpa)4Cl2 display similar
Co-Co bond distances of 2.39 Å and 2.33 Å, respectively (Table 2.1).14 However, Co3(dpa)4Cl2 features
chlorines at each axial position, collinear with the M-M bonding axis, while there are no axial ligands for
Co3LMe3.
The X-ray crystal structures of Co3LMe3 and Fe3LMe3 are isostructural. Both crystalized in the
C2/c space group with similar unit cell lengths and angles (Table 2.3). The tricobaltous core is linearly
bonded, with similar bond distances, and angles (Figure 2.5, Table 2.2). The 3 bridging trimethyl ligands
(LMe) form a helix around each metal for both complexes (Figure 2.5). There is no axial ligation observed.
A subtle difference between the two complexes is the Fe-Fe and Co-Co metal bonds are not identical. The
M-M bond distances are relatively close, 2.44 Å for Fe3LMe3 and 2.39 Å Co3LMe3, but predictably, the CoCo bond distance is shorter than the Fe-Fe bond distance because Co(II) is smaller than Fe(II). The
tricobalt complex allowed investigations to compare its characteristics and behavior to the triiron complex
since both complexes are trigonal planar, linearly bonded, homometallic, with the same ligands and
without axial ligation.
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Figure 2.5. Crystal structures of Fe3LMe3 (left) and Co3LMe3(right) with atoms as 30% probability
ellipsoids. Si and C are represented by orange and grey ellipsoids. Disorder and hydrogens omitted for
clarity.

Table 2.2 Bond length (Å) and angle (°) comparison for Fe3LMe3 and Co3LMe3.
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Table 2.3 Unit cell parameters of Fe3LMe3 and Co3LMe3.

Fe3LMe3

Co3LMe3

S.G.

C2/c

C2/c

R1

4.24%

3.80%

a (Å)

23.972(2)

24.0754(8)

b (Å)

18.640(1)

18.4585(7)

c (Å)

11.2059(7)

11.1879(4)

b (°)

93.180(5)

92.306(3)

2.3.2. Magnetic Susceptibility Measurements
The 1H NMR spectrum of Co3LMe3 was collected in benzene-d6 at room temperature to investigate
its solution state composition (Figure 2.6). The spectrum was paramagnetically broadened with three
peaks observed at 2.6, 33.0, and 50.8 ppm, indicating that the complex attains an idealized C3 symmetry
in solution in contrast to the solid state structure which only contained C2 symmetry. The 1H NMR
spectrum of Fe3LMe3 also exhibits three dominant peaks observed at -23.1, 49.4, and 72.3 ppm in benzened6 at room temperature.17 When altering the metal from Fe to Co, both complexes reveal high symmetry
in solution with the same number of peaks in benzene-d6. Considering that this sample was crystalline, it
was surprising to see small peaks at approximately 7.1 ppm, 9.8 ppm, and 19.9 ppm, but these were
indicative of challenges later seen with the cobalt congener compared to iron.
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Figure 2.6. Evans method 1H NMR spectrum of Co3LMe3 in benzene-d6 collected at 300 K. Observed cT
value of 6.11 emu·K-1·mol-1.

The solvent magnetic susceptibility of Co3LMe3 was measured by Evans method for preliminary
investigations to investigate the number of unpaired electrons and corresponding magnetic spin. The
results indicated a complicated magnetic behavior, much more so than Fe3LMe3, which was strongly
ferromagnetically coupled at room temperature (Figure 2.6).17 Evans method analysis observed a cT
value for Co3LMe3 of 6.11 emu·K-1·mol-1, suggestive of 6 unpaired electrons in benzene-d6 at 300 K
(Figure 2.6). This result was difficult to interpret. If Co3LMe3 had tracked with the ferromagnetically
coupled Fe3LMe3 complex, and because each individual high spin Co2+ has three unpaired electrons and a
spin S = 3/2, then a cT value of ~12.4 emu·K-1·mol-1 would be predicted. The measurements for Fe3LMe3
matched predictions of a high spin, strong ferromagnetically coupled system by density functional theory
calculations performed on hypothetical Fe3(dpa)4Cl2 and Fe3(dtrza)4Cl2 (dtrza = di-1H- 1,2,4-triazolo-3,5amine) complexes.24 A possible explanation for this smaller value is the Co(II) ions are actually
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uncoupled, which would lead to a cT value of ~5.6 emu·K-1·mol-1 for three cobaltous ions, but this seems
extremely unlikely with the short Co-Co bonding distances. It seems the tricobalt complex has
complicated intermediate spin behavior at room temperature and variable temperature susceptibility
measurements would be required to further evaluate the proper description. Though the structures of
Co3LMe3 and Fe3LMe3 are extremely similar, and magnetism is usually seen connected to structure, the
experimental investigations have observed different magnetic behaviors by switching metals.
Another of the deviations in behavior of the Co versus the Fe trimetallic congeners is a sensitivity
to solvent donation for Co3LMe3 not observed for Fe3LMe3. The 1H NMR spectrum of Co3LMe3 was
collected in THF-d8 to compare to spectra in benzene-d6 (Figure 2.6, Figure 2.7). Contrastingly, many
peaks were observed with a corresponding absence of the 3 dominant peaks distinctive to tricobalt
benzene spectrum, indicating that Co3LMe3 reversibly converged into other complexes in THF-d8 (Figure
2.7). Evans method observed a cT value of 7.08 emu·K-1·mol-1 which was higher than the cT observed in
benzene-d6, though with an obvious mixture of compounds, no analysis was performed on this
measurement. Paramagnetic NMR spectra are notoriously difficult to interpret, for example losing most
structural information, however, the spectra of Co3LMe3 in benzene-d6 and THF-d8 are significantly
different. A 1H NMR spectrum of Fe3LMe3 in THF-d8 still exhibits the 3 main peaks as seen in benzene-d6,
and has a cT value of 18.04 emu·K·mol-1.17 THF was hypothesized as a problem because the crystal
structure of Co3LMe3 by XRD was solid state, and no solvent was observed. However, there may be a
possibility of a crystal with THF bonded at the axial position, and that may be what is observed in
benzene-d6, Co3LMe3·THF. In an attempt to test our hypothesis, Co3LMe3 was successfully synthesized in
toluene, a non-donating solvent, from Li4L2Me·4(THF) and CoCl2 at 110˚C. This was not an ideal reaction
set up as there was THF in the lithiated ligand, Li4L2Me·4(THF). To further test this hypothesis, Li4L2Me
can be synthesized in diethyl ether, then transmetalated with CoCl2 in toluene to afford Co3LMe3, to collect
a 1H NMR in benzene-d6 to observe any similarities or changes from the previous synthetic route. To
date, the 1H NMR and Evans method collections in THF-d8 remains inconclusive (Figure 2.7).
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Figure 2.7. Evans method 1H NMR spectrum of crystalline Co3LMe3 in THF-d8 collected at 300 K.
Observed cT value of 7.08 emu·K-1·mol-1.

2.3.3. Computational Methods
In an effort to rationalize the molecular spin observed for Co3LMe3, work was initiated with a
collaborator to investigate various computational methods. Molecular orbital diagrams (MO) by
computations conducted in the gas phase can help predict the magnetic properties of the complex when
compared to the solid-state crystal structure. Multiconfigurational computations of DFT (density
functional theory) optimized Co3LMe3 suggested complicated magnetic behavior, as suggested by the
Evans Method data collected in tetrahydrofuran-d8 and benzene-d6. Co3LMe3 was initially optimized
utilizing the TPSS functional combined with def2-SVP/TZVP basis set for nonmetal/metal atoms a
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protocol used for Fe3LMe3. An initial high-spin configuration was converged and used to optimize the
geometry which led to a much smaller Co-Co distance of 2.280 Å compared to the crystal structure 2.397
Å. DFT optimization failed to recreate the known crystal structure and to model the experimental
magnetic data because of the shorter Co-Co bond distance. Given the inadequacies of the initial DFT
calculations, multireference wave function methods were used to explore the energetics of different spin
states using the crystal structure geometry for Co3LMe3. The TPSS functional combined with the def2SVP/TZVP basis set was used for a constrained geometry optimization only on the positions of hydrogen
atoms and using an input of high-spin state of the Co3 core. The resulting converged structure was used as
an input for complete active space self-consistent field (CASSCF) calculations for state averaged
calculations of several different molecular spin states, S = 9/2, 7/2, 5/2, 3/2, and 1/2. From these
calculations, it was clear that the lower-spin states were lower in energy, with the S = 3/2 state being
lowest in energy at the chosen geometry, a further indication that this is more in line with the
experimental magnetic data that the complex is not high-spin. The converged S = 3/2 state is a closer
model to the crystallographic structure; however, it still does not match the experimentally measured cT
value of 6.11 emu·K-1·mol-1, π.
The multireference CASSCF calculations was computed on an active space of 21 electrons in 15
orbitals to encompass all the 3d orbitals and electrons contributed by the three Co2+ ions. Inspection of the
active orbitals was based on the crystal structure unit except for the hydrogens which were DFT
optimized for this system, reveled a different coupling pattern than seen previously for the strong
ferromagnetically coupled triferrous Fe3LMe3 system. A preliminary MO diagram was computed based on
the active orbitals’ one-electron energies and occupation numbers, indicating that the π-type orbitals, dxz
and dyz, are the lowest in energy due to the coupling between two of the cobalts and the isolation of the
third (Figure 2.8). This output pushes the ! and !nb orbitals up in energy closer to the "-manifold. Lowest
energy natural orbitals for the (21,15) S=5/2,3/2 state averaged CASSCF calculations also revealed a
splitting pattern suggesting that there is a stronger coupling between two Co centers, while the third is
more isolated (Figure 2.8). The preliminary S = 5/2, 3/2 state averaged CASSCF calculation obtained #T
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of 3.504 cm3 K/mol at 300 K. The preliminary MO diagram showed orbitals with significant pi
contributions and stabilizations because those are lower energy and move below the sigma. This was not
an expected output, as compared to the Fe3LMe3, the sigma bonds are more stable and are lower in
energy.17 Strong ferromagnetic coupling for the triiron system was predicted by density functional theory
calculations performed on triiron dpa tetragonal complexes.17 Tricobalt EMACS with dpa such as
Co3(dpa)4X2 also reported significant coupling between two Co centers which could be hypothesized as a
diamagnetic Co2 unit coupled to a paramagnetic Co atom.25

Figure 2.8. Preliminary molecular orbital diagrams based on one-electron energies of active orbitals (left)
and lowest energy, filled natural orbitals for Co3LMe3, S = 5 2, 3 2 state averaged CASSCF calculation
created using TPSS and def2-SVP/TZVP (right). The number in the left corner indicates the natural
orbital population. Populations close to 2 indicate a spin-paired set of electrons. The energy splittings
between orbitals are for emphasis and are not to scale.
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There were multiple hypotheses to speculate the intricate and complicated experimental
investigations by Evans method and computational analysis for Co3LMe3. The DFT converged on a S= 3/2
state which was a closer spin to the crystallographic structure, but different from the measured #T by
Evans method at room temperature. Both experimental data and method development did not observe
high spin as seen with Fe3LMe3.17 Many dimetallic complexes are diamagnetic, even though both metals
are paramagnetic. The metal ions can couple antiferromagnetically resulting in a diamagnetic complex. A
hypothesis of Co3LMe3 is the behavior of monocobalt complex resulting in two coupled cobalt ions, with
one cobalt behaving by itself. This prediction can be suggested by variable temperature collections of #T
to observe the compound’s spin.
There are multiple predictions how the computed ground state mixture of S = 5/2, 3/2 can closely
aligns with #T value of 6.11 emu·K-1·mol-1, S = 6/2 spin state at room temperature. Electron
paramagnetic resonance (EPR) can be used to suggest the spin of the compound at low temperature. Spin
crossover was a prediction for the measured #T value. Several tricobalt EMACs show spin crossover
which can be a result of an equilibrium mixture. The spin of Co2+ is usually S = 3/2. There may be a
possibility the three cobalts are not interacting with each other. In this case, 3 times the spin of a single
Co2+ would attain a closer value to the measured S = 6/2 spin state. This scenario may be less likely
because compared to Fe3LMe3, the Fe-Fe bond distances were short and they were strongly
ferromagnetically coupled.
Another possibility is the cobalt ions are actually ferromagnetically coupled but with mixing of
low lying excited states that are close in energy to the magnetic ground state. The #T measurement at
room temperature may be close to the ground state, where there can be a mixture of excited ground states
thus affording intermediate #T measurements. If empty orbitals are close in energy, orbital mixing can
occur, altering energies and behaviors. This hypothesis can also be investigated by variable temperature
magnetic susceptibility measurements. Compared to Fe3LMe3, the iron ions were not only
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ferromagnetically coupled, but the large gaps between excited states inhibited mixing of orbitals in the
ground state.
Preliminary computational methods were also used to observe the behavior of Co3LMe3
ferromagnetically coupled with a maxed system, S = 9/2 or 9 unpaired electrons. There may be possible
orbital angular momentum contributions to the spin. These contributions may lower the overall measured
magnetic susceptibility, suggesting the system is not derived only by spin.
Additional DFT calculations are needed to further understand the spin of the intricate Co3LMe3
system. Computational methods can model UV-Vis spectroscopy and confirm the quality of the
computations.

2.3.4. Electrochemical Studies
Cyclic voltammograms (CV) of Co3LMe3 were collected at room temperature to observe oxidation
and reduction potentials at scan rates of 25 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s in 1,2difluorobenzene (DFB) (Figure 2.9). Multiple possible irreversible oxidative events at 242 mV, 514 mV,
and 878 mV with a single irreversible reductive event at -2360 mV were observed. The voltammograms
suggested, after any one electron redox event, the compound cannot revert back to Co3LMe3.
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Figure 2.9. Cyclic voltammograms displaying oxidative and reductive activity of a 5 mM solution of
Co3LMe3 at various scan rates in 1,2-difluorobenzene. Recorded at 25 °C using a 1.6 mm platinum
working electrode, platinum wire counter electrode, and Ag/AgNO3 reference electrode with 0.5 M
Bu4NPF6 as background electrolyte.

In contrast to the redox events observed for Co3LMe3, cyclic voltammograms of Fe3LMe3 in THF
revealed two quasi-reversible oxidations at -855 mV and -639 mV and one quasi-reversible reduction at 1.72 V.17 The peaks observed from the cyclic voltammetry experiments suggested that they are likely all
one-electron processes.17 The complex can possibly converge from Fe3LMe3 to Fe3LMe3+ to Fe3LMe32+ and
then back to Fe3LMe3+ to Fe3LMe3.
Cyclic voltammetry experiments were attempted in various other solvents to ensure Co3LMe3
persisted in solution, to further suggest the data collected in the same or similar solvent were of the same
compound. This approach, utilizing the same solvent derived from NMR collections in multiple solvents,
suggested the compound changes such as when dissolved in tetrahydrofuran-d8 (Figure 2.7). The choice
of solvent used for CV are limited for metal complexes.26 These limitations include restricted potential
window, unwanted chemical activity, and poor solvating properties for electrolyte and metal complexes.26
Water and THF are some of the most common solvents used for CV, however, water would degrade the
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compound. The solvent 1,2-difluorobenzene was chosen because it is commonly used for CV, polar,
noncoordinating, and structurally similar to benzene, a solvent known to rating the Co3L3Me complex.
To further suggest and validate Co3LMe3 persisted in DFB, crystallizations were attempted in
DFB. The first crystallization attempt led to the isolation of a tetracobaltous complex (Co4LMe4), which
did not contain Co-Co bonds (vide infra). This isolation suggested that DFB could not be used for data
collections. CV collections were attempted in benzene; however, Bu4NPF6 (tetrabutylammonium
hexafluorophosphate) did not dissolve in benzene and data could not be collected.
The isolation of Co4LMe4 lead to the hypothesis that multiple oxidations were observed because DFB
converted Co3LMe3 to Co4LMe4 at some equilibrium mixture. However, upon multiple attempts to
reproduce Co4LMe4 from crystallization in DFB, all attempts resulted in the isolation of Co3LMe3,
suggested by XRD and NMR (vide infra). The isolation of Co3LMe3 instead of Co4LMe4 suggested that
Co3LMe3 does persist in DFB and CV collections in DFB suggested the redox processes were of Co3LMe3,
not Co4LMe4.
The complexity of Co3LMe3 has challenged the rationalization for the redox processes observed by
CV, which are still unknown to date. Electrochemical studies of Co3LMe3 and Fe3LMe3 suggested both
complexes do not behave similarly when utilizing the same ligand. These experiments can help suggest
the reactivity required to force reduction and oxidation for Co3LMe3. Future attempts can consist of
crystallizations of Co3LMe3 in other common solvents for CV, such as acetonitrile or nitromethane, to
compare changes, similarities, and behavior of the tricobalt species by CV. One goal was to use a solvent
that would allow for different characterizations to strongly suggest the compound persisted in each
collection. For example, since NMR collections in benzene strongly suggest the identity of Co3LMe3 in
solution, benzene would have been ideal to use for CV, electron absorption spectroscopy, and other
methods.
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2.3.5. Electronic Absorption Spectroscopy
The electronic absorption spectrum was collected on a 2.86 x 10-4 M sample of black crystalline
solid in benzene (Figure 2.10). Benzene was the chosen solvent because collections by 1H NMR
suggested the compound persists in benzene in contrast to other solvents such as THF and pyridine. The
spectrum revealed strong absorptions spanning most of the visible spectrum, with increasing absorption
towards the ultraviolet range, derived from multiple electron jumps that are available between metal
orbitals and ligand orbitals. Three very broad absorptions were observed at approximately 700 nm, 450
nm, and 550 nm. The peak at 700 nm is hypothesized be a HOMO-LUMO (highest occupied molecular
orbital-lowest occupied molecular orbital) gap since it is lower energy, and longer wavelengths tend to be
in the HOMO-LUMO gap (Figure 2.10). Computational methods will help model and interpret these
absorptions based on an MO that strongly correlates to the tricobalt system. Future attempts of UV-Vis
collection in THF can argue for the compound’s change based on solvent donation abilities compared to
benzene as suggested by preliminary electronic absorption collections of Fe3LMe3 in THF. It is
hypothesized that there may be an equilibrium in THF with a solvated dicobalt derivative.
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Figure 2.10. Electronic absorption spectrum of 2.84 x 10-4 M solution of Co3LMe3 in benzene.
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2.4 The Anomaly Co4LMe4
DFB was the chosen CV solvent since the tricobalt species was suggested to persist in benzene-d6
by 1H NMR. Crystallization was performed in DFB to verify that the tricobalt species persisted. The
synthetic protocol outlined for Co3LMe3 was used, with a modification in the reconstitution solvent, DFB
instead of hexane. A sample for XRD was prepared to check the unit cell as verification. Upon unit cell
collection, larger black plates were observed, and the unit cell did not match Co3LMe3. The X-ray crystal
structure revealed a tetracobaltous complex (Co4LMe4) with a 1 metal to 1 ligand ratio, an absence of CoCo bonds (Co···Co ≥ 3.016 Å), and 2 DFB molecules (Figure 2.11). The tetracobalt complex crystallized
in the P-1 space group with unit cell parameters of a = 14.0 Å, b = 15.2 Å, c = 19.1 Å, α = 84.2º, β =
77.9º, and γ = 67.2º by XRD, with bond angles and lengths listed in Table 2.4. 1H NMR collection in
benzene-d6 displayed numerous peaks, indicating lower symmetry (Figure 2.12). The 3 distinctive
tricobalt peaks were observed, 2.7 ppm, 33 ppm, and 51 ppm, however it was clear the tricobalt complex
was not the dominant species (Figure 2.12). Four alternative compounds were assumed: compound A
(Tetra) peaks -9, -7, 15, 24, 38, 45, 65, 67, and 77 ppm; compound B (Unknown) peaks 13, 57, and 22
ppm; compound C (Unknown) peaks 25, 37, and 86 ppm; tricobalt peaks 2.7 ppm, 33 ppm, and 51 ppm
(Figure 2.12).
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Figure 2.11. Crystal structures of Co4LMe4 with atoms as 30% probability ellipsoids. Si and C represented
by orange and grey ellipsoids. DFB molecules, disorder, and hydrogens omitted for clarity. Space Group
= P-1, R1 = 5.66%. Observed Co···Co ≥ 3.016 Å.

Table 2.4. Bond lengths (Å) and angles (˚) for Co4LMe4.
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Figure 2.12. 1H NMR spectrum of a crystalline sample of Co4LMe4 in benzene-d6.

Multiple crystallizations in diethyl ether, hexanes, acetonitrile, and nitromethane were attempted
from the tetracobalt crystalline solid to observe changes by XRD. Crystallization in diethyl ether afforded
Co4LMe4, while crystallization attempts in acetonitrile and nitromethane were unsuccessful. The
tetracobalt complex was insoluble in both acetonitrile and nitromethane. Crystallization in hexanes was
also attempted, to observe the possible formation of tricobalt as hypothesized due to an equilibrium, but
the unit cell still matched Co4LMe4.
As mentioned earlier, multiple attempts to reproduce Co4LMe4, resulted in the isolation of Co3LMe3
when following the same protocol used to produce Co4LMe4. One attempt to synthesize Co4LMe4 was by
utilizing a trituration step to possibly remove any excess THF attached to the compound if there was an
equilibrium. However, multiple synthesis attempts with triturations still resulted in Co3LMe3. To date,
Co4LMe4 has not been able to be reproduced.
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In an effort to try to rationalize the sensitivity and changes of Co3LMe3 from solvent polarity,
especially from the dramatic synthesis of Co4LMe4, 1H NMR spectra were collected in various polar
solvents, namely 1,2-dichlorobenzene and pyridine, starting from verified crystalline samples of Co3LMe3.
The 1H NMR spectrum in 1,2-dichlorobenzene-d4 exhibited the 3 distinctive peaks of Co3LMe3, along with
multiple peaks of a 2nd compound observed in the tetracobalt 1H NMR (Figure 2.12, Figure 2.13). The
spectrum revealed that tricobalt species was altered and no longer the dominant species in 1,2dichlorobenzene-d4, a polar but only weakly donating solvent.

Figure 2.13. 1H NMR spectrum of Co3LMe3 in 1,2-dichlorobenzene-d4.

The spectrum collected in pyridine-d5, a strong coordinating solvent, was hypothesized to behave
more akin to THF (Figure 2.12). It was thought that donor solvents such as pyridine would immediately
convert Co3LMe3 to a solvated complex. Upon dissolving Co3LMe3 in pyridine-d5 a dark purple solution
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formed. The 1H NMR spectrum in pyridine-d5 displayed 5 broad peaks, in the range of 0 to 10 ppm, in
contrast to the 3 peaks observed in the -15 to 55 range when collected in benzene-d6 (Figure 2.14). The
spectrum implied uniformity and high symmetry of the complex in solution (Figure 2.14). The collection
was inconclusive. There are some predictions on what the spectrum represents, such as free ligand, or a
dicobalt THF solvate based on primary investigations of a diiron phosphine complex. This collection
suggested our hypothesis was correct, strong donor solvents convert to a solvated complex likely lacking
Co-Co bonds. Interestingly, the formed complex seems to be diamagnetic which would suggest some
form of antiferromagnetic coupling.

Figure 2.14. 1H NMR spectrum of Co3LMe3 in pyridine-d5.

2.5 Conclusion
Although Co3LMe3 and Fe3LMe3 were revealed to be isostructural from single-crystal X-ray
diffraction studies, investigations of physical and reactivity properties of Co3LMe3 suggested contrasting
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behavior. The similar molecular structures led to the initial hypothesis of similar properties such as
magnetism, redox events, and electronic absorption. Several experiments revealed that altering the metal
identity from Fe to Co when utilizing the same ligand, there are significant changes in reactivity.
NMR collections in various solvents suggested the best solvent to retain Co3LMe3 in solution is benzened6. These collections observed that the complex is sensitive to the solvent polarity. Benzene is nonpolar
and non-coordinating solvent. The spectra of Co3LMe3 was functionally similar to Fe3LMe3 in benzene-d6
both exhibiting the same solution symmetry. The spectra collected in more polar solvents such as
tetrahydrofuran-d8, pyridine-d5, and 1,2-dichlorobenzene-d4 revealed the compound was altered in
solution.
Magnetic susceptibility measurements by Evan’s method and multiconfigurational computation
methods suggested complicated magnetic behavior dissimilar to Fe3LMe3. Reasoning for the measured #T
value of 6.11 emu·K-1·mol-1, S = 6/2 spin state at room temperature was unclear and did not match
computational results. Preliminary S = 5/2, 3/2 state averaged multireference CASSCF calculations
predicted a #T of 3.504 cm3 K/mol at room temperature. The CASSCF calculation output a stronger
coupling between two Co metals, with the third Co more isolated. Further experimental and
computational investigations are needed to verify the magnetic susceptibility of Co3LMe3.
Cyclic voltammetry experiments reveled multiple irreversible oxidation events and a single
irreversible reduction event. This data did not correlate to the reversible events observed for Fe3LMe3.
Further electronic absorption investigations will need to be conducted to compare to Fe3LMe3, and to
suggest the spectroscopic properties of Co3LMe3.
The tricobaltous complex has revealed many differences when compared to the first linear
triferrous complex. However, Co3LMe3 is a unique, and novel EMAC that can be continued to be probed to
understand it’s complex and intricate multimetallic system.

2.6 Experimental Methods
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Air sensitive reactions were performed using standard Schlenk techniques or in a Vigor Tech
(Houston, TX) inert atmosphere glove box using dinitrogen as the filler gas. 2,6-diaminopyridine was
purchased from VWR and sublimed at 10-2 torr with heating prior to use. Celite was dried at 200 °C under
10-2 torr vacuum. Trimethylsilyl chloride, anhydrous cobalt(II) chloride, and solutions of n-Butyllithium
in hexanes were purchased from Fisher Chemical and used without further purification. Solvents were
purchased from Fisher Chemical and dried prior to use. Tetrahydrofuran (THF), diethyl ether (Et2O), and
benzene were dried over Na/K alloy while dichloromethane (DCM) and chloroform were dried using
calcium hydride. All solvents were distilled and degassed via freeze/pump/thaw cycles. All dried solvents
were stored over 3 Å molecular sieves under an inert atmosphere. Glassware was dried at 150 °C
overnight and cooled under vacuum before use. 2,6-bis(trimethylsilylamino)pyridine was synthesized
according to a literature report and characterized using 1H NMR with the substitution of n-butyl lithium in
the place of triethylamine as the base.27 Full details are provided below. NMR spectra were collected on a
Jeol JNM-EXP300 FT 300 MHz spectrometer (300.53 MHz for 1H, 75.57 MHz and for 13C). 1H NMR
spectra were referenced against the residual solvent signal (7.16 ppm for benzene-d6, 7.26 ppm for
chloroform-d, 3.58 for tetrahydrofuran-d8) unless the peak was obscured in which case the residual TMS
(0.00 ppm) signal was used. The 13C NMR spectra were referenced against the residual solvent signal
(128.06 ppm for benzene-d6). Evans methods analysis was completed by inclusion of a sealed glass insert
containing the deuterated solvent of choice in a valved NMR tube containing a known mass of complex
and volume of the same deuterated solvent. The difference in solvent signal between the sample and
insert solvents was measured in Hz. Diamagnetic corrections for the complex were made using standard
reference tables28 and the measurements were processed using standard Evans methods formulas for a
NMR spectrometer with a superconducting magnet.29 Electrochemistry was performed on a BASi EC
Epsilon potentiostat with a standard 3 electrode setup with either a Pt or glass-C working electrode, a Pt
wire counter electrode, and a non-aqueous Ag/Ag+ reference electrode. Cyclic voltammograms were
collected in an insert atmosphere glovebox with degassed solvents and tetrabutylammonium
hexafluorophosphate (TBAPF6) as supporting electrolyte. All reported potentials are referenced against

44
the [Cp2Fe]0/1+ redox couple (Cp = cyclopentadienyl). X-ray diffraction experiments were collected on a
Rigaku Mini-Flex diffractometer with a Mo source. UV/Visible spectra were collected on a Cary 100
UV/Visible spectrometer using 1 cm, capped, quartz cuvettes and THF as solvent. All other experiments
were run under the same conditions as described here unless noted otherwise.

Synthesis of 2,6-bis[(trimethylsilyl)amino]pyridine (H2LMe). 2,6-diaminopyridine (6.451 g, 59.11
mmol) was added to a 500 mL Schlenk flask, dissolved in THF (~200 mL) and cooled to 0 °C. Sodium
bis(trimethylsilyl)amide (21.711 g, 118.40 mmol) was dissolved in THF (~150 mL) and transferred
dropwise into the reaction flask via cannula. The reaction was warmed to room temperature and stirred
overnight. Trimethylsilylchloride (12.844 g, 118.23 mmol) was charged directly into a 100 mL Schlenk
flask and transferred to the reaction flask dropwise via cannula, the reaction was stirred overnight. The
solvent was removed with vacuum resulting in an auburn solid. The residue was dissolved in a minimum
of hexanes and filtered over a fine porosity, fritted glass filter. The solvent was again removed with
vacuum affording H2LMe. Yield was not determined as this procedure closely followed prior synthetic
methods with only minor changes.

Synthesis of Li4LMe2 •4(THF). H2LMe (1.501 g, 5.921 mmol) was charged into a reaction vial and
dissolved in 5 mL of THF. The reaction mixture was cooled to -35 °C and 2.48 M n-Butyllithium in
hexanes (4.78 mL, 11.854 mmol) was added dropwise via syringe. The reaction was allowed to warm to
room temperature and then stirred overnight. The solvent was removed using vacuum, yielding a white
solid. The residue was dissolved in approximately 5 mL of hexanes and filtered through celite. The
volume was reduced to induce crystallization and the vial was stored at -35 °C until crystallization was
complete. The supernatant was removed from the crystals and any residual solvent was removed with
vacuum yielding Li4LMe2 •4(THF) as a colorless, crystalline solid in 55.8% yield (1.354 g). This
compound is extremely air and water sensitive.
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Synthesis of Co3LMe3. A sample of Li4LMe2 •4(THF) (0.932 g, 1.138 mmol) was dissolved in 5 mL THF at
room temperature. Solid CoCl2 was added (0.303 g, 2.334 mmol) to the pale yellow solution causing an
immediate color change to dark green. The reaction was stirred overnight. The solvent was then removed
using vacuum to yield a tacky black solid. The black residue was dissolved in approximately 20 mL
hexanes and the resulting slurry was filtered over a fine porosity, fritted glass filter to remove residual
lithium chloride. The volume of the black filtrate was reduced to induce crystallization. The vial was
stored at -35 °C until crystallization was complete, yielding a black, crystalline solid in the form of plates.
The supernatant was removed and the crystals were dried under reduced pressure to yield Co3LMe3 in
28.6% yield (0.303 g).

46
CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF IRON AND COBALT COMPLEXES SUPPORTED
BY 2,6-BIS[(TRIETHYLSILYL)AMINO]PYRIDINE LIGANDS (H2LEt)

3.1 Introduction
To expand the library of trimetallic EMAC complexes, 2,6-bis[(triethylsilyl)amino]pyridine
(H2LEt) was synthesized in an attempt to produce novel EMACs to compare to Co3LMe3 and Fe3LMe3. H2LEt
is sterically larger than H2LMe, but its structural similarities led us to assume this derivative would support
linear trimetallics like H2LMe. It was hypothesized that altering the ligand from H2LMe to a triethyl ligand
(H2LEt) would allow us to observe the sensitivity of the inductive effect of those donors by making it a
stronger donor ligand. This ligand modification affects the solubility, the donor strength, and the sterics,
which all affecting the ability to support trimetallics. Novel, but closely related, triiron or tricobalt
complexes could be compared to Fe3LMe3 and Co3LMe3. This would allow observations of changes in the
M-M bonding, coordination geometry, magnetism, redox potential, and in other physical properties when
altering the ligand structure.
The results presented herein observed inherent challenges and differences compared to the
trimethyl ligand. Our hypothesis was that the triethyl ligand would be very similar to the trimethyl ligand
in terms of synthesis, the ligand, lithiations and metalations. Contrary, many aspects were deviated using
the ethyl ligand that needed extra attention, time, and effort.
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3.2 Synthesis and Lithiation of H2LEt
Synthesis of H2LEt is the initial step in affording MxLEtx (M = Fe, Co) in a two-step reaction
approach, similar to the protocol for H2LMe. H2LEt was synthesized by reacting 1 equivalent of 2,6diaminopyridine, 2 equivalents of sodium bis(trimethylsilyl)amide (NaHMDS), and 2 equivalents of
triethylchlorosilane in THF, resulting in a light yellow viscous oil in 75% yield. The 1H NMR spectrum of
the ligand displayed sharp peaks, implying uniformity across the whole sample, and suggesting high
purity of the compound (Figure 3.1).

Figure 3.1. 1H NMR spectrum of H2LEt in benzene-d6.

Unlike the methyl derivative, the deprotonation, also referred to as the lithiation, of H2LEt was not
as straightforward. Synthesis of the ligand was then followed by attempted deprotonation, utilizing
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protocols used for Li4L2Me·4(THF).17 Lithiation of H2LEt was attempted by the addition of 2 equivalents of
nBuLi in THF to afford a THF-solvated, tetranuclear lithium complex, Li4L2Et·(THF). Unlike the Me
derivative, for which lithiated crystals form with hours, a crystalline solid with the ethyl derivative did not
form after a month stored at -35 ˚C. A 1H NMR spectrum was collected of the residue which displayed
small peaks at ~4 ppm, similar to the position of the NH peak at 3.54 ppm (Figure 3.2) of the unreacted
H2LEt which should have been removed. Additionally, the peak at 3.54 ppm suggested that excess THF
solvent had been retained in the residue. It was hypothesized that the observed excess solvent inhibited
crystallization. Triturations were attempted in hexanes to remove the residual solvent to promote
crystallization. Concentration of the solutions to promote crystallization after the trituration cycles left an
oily brown liquid and no crystals after 12 days.

Figure 3.2. 1H NMR spectrum of intractable mixture of LixLEtx residue from initial THF synthesis in
benzene-d6.
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Unsuccessful trituration attempts led to use of hexamethyldisiloxane (HMDSO) to remove THF,
and to isolate pure lithiated product. Reconstitution in HMDSO was attempted, in addition to heating at
50 ˚C for approximately one hour to isolate product. HMDSO was used to impose precipitation due to
lower solvating abilities compared to alkanes. White precipitate was isolated on top of a fine porosity,
fritted glass filter in 13% yield which NMR analysis suggested was Li4LEt2·THF. The symmetric
compound is expected to display 1 triplet and 1 doublet in the aromatic region as observed by NMR,
similar to Li4L2Me·4(THF) and Li4L2iPr·4(THF) (Figure 3.3). The THF peak at 3.5 ppm, integrated to 4,
suggesting 1 THF present and hence the composition of Li4L2Et·THF. The 1H NMR spectrum of white
precipitate matched expected peaks for Li4L2Et·THF, and NH peaks near 4 ppm were no longer observed
(Figure 3.2, 3.3). Further concentration of the HMDSO filtrate resulted in a colorless crystalline solid. A
1

H NMR spectrum of crystals from HMDSO suggested a larger concentration of THF by integrations

compared to first white precipitate (Figure 3.3, 3.4). Note, triturations and heating were performed from
before isolation of white precipitate and crystals.
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Figure 3.3. 1H NMR spectrum of Li4LEt2·THF as white powder in benzene-d6.

51

Figure 3.4. 1H NMR spectrum of crystalline solid from HMDSO crystallization in benzene-d6.

Extended triturations for the THF synthesis were attempted to promote crystallization. Synthesis
followed similar procedures, but solvent was removed with vacuum for approximately 20-30 hours for
each trituration, with a total of 3 triturations. Colorless, crystalline solid was observed upon concentration
in 38% yield. A 1H NMR spectrum matched Li4L2Et·THF (Figure 3.5).

52

Figure 3.5. 1H NMR spectrum of Li4LEt2•THF as crystalline solid from THF trituration synthesis in
benzene-d6.

The THF was hypothesized to be hindering crystallization, which was surprising given the
simplicity of this reaction when using the Me ligand. To investigate this hypothesis and avoid the
problematic solvent, the synthesis was re-attempted in diethyl ether following similar procedures as THF
method. The boiling point of diethyl ether is 34 ˚C which allows for faster and easier removal of solvent,
in contrast to THF with a boiling point of 66 ˚C. It is also less polar than THF and more sterically
demanding making it a comparatively weaker sigma donor. Isolation resulted in a colorless, crystalline
solid in 69% yield. The composition was characterized by 1H NMR, suggesting Li4L2Et with no solvent
attached to the complex (Figure 3.6). Optimized synthesis performed by lithiation in diethyl ether, affords
crystalline solid at a faster rate of a few days as opposed to THF lithiation.
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Figure 3.6. 1H NMR spectrum of Li4LEt2 from diethyl ether synthesis in benzene-d6.

The overarching goal upon isolating this novel ethyl based ligand was to determine if it could support
EMACs of Fe or Co. To this end, for the case of Fe, a transmetalation of Li4L2Et·THF was attempted to
synthesize FexLxEt derivatives utilizing protocols used for Fe3LMe3. This was done by the addition of 2
equivalents of anhydrous FeCl2 to a THF solution of Li4L2Et·THF for a 1/1 ligand to Fe ratio. The
reaction was run at room temperature and stirred overnight. The volume of the black filtrate was reduced
to induce crystallization, and the vial was stored at -30 °C until crystallization was complete. Black,
crystalline solids were isolated as Fe2L3Et from various solvents (diethyl ether, hexanes, and toluene).
Transmetalation of Li4L2Et·THF also was attempted with 1 equivalence of anhydrous CoCl2 at room
temperature to a THF solution of Li4L2Et·THF for a 1/1 ligand to Co ratio at room temperature, overnight
to synthesize CoxLxEt. Crystallization was attempted from multiple solvents such as hexanes and diethyl
ether, affording black, crystalline solids.
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3.3 Results and Discussion
The synthesis of a triferrous congener with LEt was attempted by following a salt metathesis
strategy used for Fe3LMe3, however, synthetic attempts resulted in an oxidized, dimetallic, differic
complex, Fe2L3Et suggested by XRD (Figure 3.7). An interesting observation of the XRD data, three q
peaks (areas of residual electron density) were aligned on the same axis of the irons. The three q peaks are
similar in distances, and positions to the Fe-Fe bond distances seen in Fe3LMe3.
In Fe2LEt3 each iron is 6 coordinate with an octahedral coordination geometry. Low coordinate
complexes tend to favor electrons because there are not many donors giving electrons. The diferric
favorability was assumed as the driving force to reject the electrons and removing the 3rd metal, known as
disproportionation. The 3rd metal may be taking the two electrons forming an iron atom when reduced,
resulting in Fe2LEt3 and a metallic iron precipitate. Iron metal is not soluble in many solvents, and may
have been filtered during the synthesis.

Figure 3.7. Low quality crystal structure of Fe2LEt3.

A paramagnetically broadened 1H NMR spectrum was collected of the sample in benzene-d6
(Figure 3.8). Multiple peaks were observed, but it proved to be inconclusive. Initially, toluene was
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hypothesized as the electron sink, however, 1H NMR from sample crystalized in ether was similar to
collection crystallized in toluene, invalidating the hypothesis.

Figure 3.8. 1H NMR spectrum of intractable mixture of FexLEtx synthesis attempt in benzene-d6.

Synthetic attempts were conducted to afford CoxLxEt. Crystallization attempts in hexanes and
diethyl ether both resulted in very small crystals as black plates with little to no diffraction by XRD.
XRD samples were prepared and shipped to collaborators at Rigaku to attempt collection. The plates were
piled and stuck together, diffracting weakly, and yielded multiple diffraction patterns. Yellow crystals that
appeared to be single, also barely diffracted. A unit cell could not be collected.
Inconclusive XRD attempts to suggest a composition of CoxLxEt led to 1H NMR collection of the
black, crystalline solid in benzene-d6. Many peaks were observed, contributing to an inconclusive NMR
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(Figure 3.9). This spectrum is very different compared to the three distinctive peaks for Co3L3Me observed
at -23.1, 49.4, and 72.3 ppm in benzene-d6. Multiple peaks are often observed from complexes with lower
symmetry. The 1H NMR may be of one compound with lower symmetry or a mixture of compounds
(Figure 3.9). The yield has not been determined to date. Efforts are ongoing to determine the proper
description of this compound.

Figure 3.9. 1H NMR spectrum of intractable mixture of CoxLEtx in benzene-d6.

3.4 Conclusion
Multiple experiments were conducted to isolate a pure lithium complex of the ethyl ligand derivative.
Upon analysis, lithiation in diethyl ether was successful, acquiring Li4L2Et with no solvent bound, at a
much higher yield of 68.8%. From lithiations in THF, extensive triturations and reconstitution in HMDSO
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were also successful in affording Li4L2Et·THF. Trituration attempts promoted crystallization of the
lithiated ligand, possibly by removing free solvent during the process, in comparison to attempting to
isolate the lithiated ligand without trituration.
High solubility, sensitivity to solvation, and low yield complicated the isolation Li4L2Et·THF.
Increased solubility of the lithiated ligand was suggested in THF since crystals were not afforded.
Difficulty in crystallization may be also due to the longer alkyl chains of the ethyls. Efforts are ongoing to
form EMACs with Li4L2Et, to examine the possible impact of the uniformity and quality diethyl ether
lithiated ligand, and to probe sensitivity of THF.
In an effort to rationalize the formation of Fe2LEt3, multiple hypotheses were discussed, but not
examined. Disproportionation was hypothesized for formation of the stable, six coordinate, diferric
complex. The first filtration when metalating is to dispose of excess LiCl. However, if iron metal was
filtered out, it can be examined by taking the residue, dissolve in nitric acid, and analyzed by atomic
absorption spectrometer to observe for iron. Alteration of the ligand from six methyls to six ethyls,
enables stronger donation strength from the inductive effect. The preference for Fe3+ may have been
altered because ethyl is a stronger donor compared to the methyl.
In lieu of crystal structures, 1H NMR of CoxLEtx was not suggestive of the relation or similarity
between the crystalline outcome and Co3LMe3. The composition of any CoxLEtx complexes could be
suggested by mass spectroscopy. Crystallization in different solvents, such as toluene, can also be
attempted to afford X-ray quality crystals to suggest composition and coordination geometry.
In conclusion, various avenues were investigated to optimize the synthesis of Li4L2Et, suggesting
successful lithiation from both THF and diethyl ether methods. Further investigations will either suggest
or deny discussed hypotheses of Fe2LEt3. Efforts are currently underway to suggest a composition of
CoxLEtx.
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3.5 Experimental Methods
Air sensitive reactions were performed using standard Schlenk techniques or in a Vigor Tech
(Houston, TX) inert atmosphere glove box using dinitrogen as the filler gas. 2,6- diaminopyridine was
purchased from VWR and sublimed at 10-2 torr with heating prior to use. Celite was dried at 200 °C
under 10-2 torr vacuum. Triethylsilyl chloride, anhydrous cobalt(II) chloride, anhydrous iron(II) chloride
and solutions of n-Butyllithium in hexanes were purchased from Fisher Chemical and used without
further purification. Solvents were purchased from Fisher Chemical and dried prior to use.
Tetrahydrofuran (THF), diethyl ether (Et2O), and benzene were dried over Na/K alloy while
dichloromethane (DCM) and chloroform were dried using calcium hydride. All solvents were distilled
and degassed via freeze/pump/thaw cycles. All dried solvents were stored over 3 Å molecular sieves
under an inert atmosphere. Glassware was dried at 150 °C overnight and cooled under vacuum before use.
2,6-bis(triethylsilylamino)pyridine was synthesized according to a literature report and characterized
using 1H NMR with the substitution of n-butyl lithium in the place of triethylamine as the base.27 Full
details are provided below. NMR spectra were collected on a Jeol JNM-EXP300 FT 300 MHz
spectrometer (300.53 MHz for 1H, 75.57 MHz and for 13C). 1H NMR spectra were referenced against the
residual solvent signal (7.16 ppm for benzene-d6, 7.26 ppm for chloroform-d, 3.58 for tetrahydrofuran-d8)
unless the peak was obscured in which case the residual TMS (0.00 ppm) signal was used. The 13C NMR
spectra were referenced against the residual solvent signal (128.06 ppm for benzene-d6).

Synthesis of 2,6-bis[(triethylsilyl)amino]pyridine (H2LEt). 2,6-diaminopyridine (1.004 g, 9.20 mmol)
was dissolved in THF (~5 mL) and cooled to -30 °C. Sodium bis(trimethylsilyl)amide (3.371 g, 18.38
mmol) was dissolved in minimum THF and was added dropwise. The reaction was warmed to room
temperature and stirred overnight. Triethylsilylchloride (1.880 g, 10.07 mmol) was added dropwise by
pipette. The thick white slurry was warmed to room temperature and stirred overnight. Filtered slurry
over a fine porosity, fritted glass filter. The solvent was removed with vacuum resulting in a clear, light
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yellow oil. The residue was dissolved in a minimum of hexanes and filtered over celite. The solvent was
again removed with vacuum yielding H2LEt in 74.8% yield (2.321 g).

Synthesis of Li4LEt2 •1(THF) by THF Route. H2LEt (2.321 g, 6.88 mmol) was charged into a reaction
vial and dissolved in 5 mL of THF. The reaction mixture was cooled to -35 °C and 2.43 M n-Butyllithium
in hexanes (5.66 mL, 13.75 mmol) was added dropwise via syringe. The reaction was allowed to warm to
room temperature and then stirred overnight. The solvent was removed using vacuum, yielding a dark
brown solid. The residue was dissolved in approximately 5 mL of hexanes and filtered over a fine
porosity, fritted glass filter. The reaction was triturated 3 times in hexanes, and placed under vacuum for
for approx. 20 hours for each trituration. The volume was reduced to induce crystallization and the vial
was stored at -35 °C until crystallization was complete. The supernatant was removed from the crystals
and any residual solvent was removed with vacuum yielding Li4LEt2 •1(THF) as a colorless, crystalline
solid in 37.7% yield (1.000 g). This compound is extremely air and water sensitive.

Synthesis of Li4LMe2 •1(THF) by HMDSO Approach. H2LEt (2.193 g, 6.50 mmol) was charged into a
reaction vial and dissolved in 5 mL of THF. The reaction mixture was cooled to -35 °C and 2.43 M nButyllithium in hexanes (5.35 mL, 13.00 mmol) was added dropwise via syringe. The reaction was
allowed to warm to room temperature and then stirred overnight. The solvent was removed using vacuum
from the clear orange reaction, yielding a brown viscous liquid. The residue was dissolved in
approximately 5 mL of hexanes and filtered through celite. The volume was reduced to induce
crystallization and the vial was stored at -35 °C until crystallization. No crystals were observed in the oily
brown liquid. The solvent was removed using vacuum. The dried residue was redissolved in hexanes and
triturated 3 times. The volume was reduced to induce crystallization and the vial was stored at -35 °C. No
crystals were observed. The solvent was removed using vacuum. The dried residue was redissolved in
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approximately 5 mL HMDSO, crashing out white solid. The brown slurry was heated at 50 °C. The
reaction was allowed to warm to room temperature and filtered over a fine porosity, fritted glass filter.
The filtration isolated Li4LEt2 •1(THF) as white powder in 12.9% yield (0.325 g).

Synthesis of Li4LEt2 by Diethyl Ether Route. H2LEt (0.711 g, 2.11 mmol) was charged into a reaction
vial and dissolved in 5 mL of diethyl ether. The reaction mixture was cooled to -35 °C and 2.43 M nButyllithium in hexanes (1.74 mL, 4.23 mmol) was added dropwise via syringe. The reaction was allowed
to warm to room temperature and then stirred overnight. The solvent was removed using vacuum,
yielding a tacky yellow solid. The residue was dissolved in approximately 7 mL of hexanes and filtered
through celite. The volume was reduced to induce crystallization and the vial was stored at -35 °C until
crystallization was complete. The supernatant was removed from the crystals and any residual solvent
was removed with vacuum yielding Li4LEt2 as a colorless, crystalline solid in 68.8% yield (0.507 g). This
compound is extremely air and water sensitive.

Synthesis of Fe2LEt3. A sample of Li4L2Et •1(THF) (1.000 g, 1.30 mmol) was dissolved in 5 mL THF at
room temperature. Solid FeCl2 was added (0.332 g, 2.62 mmol) to the pale yellow solution causing an
immediate color change to dark green. The reaction was stirred overnight. The solvent was then removed
using vacuum to yield a tacky black solid. The black residue was dissolved in a minimum of diethyl ether
and the resulting slurry was filtered over a fine porosity, fritted glass filter to remove residual lithium
chloride. The volume of the black filtrate was reduced to induce crystallization. The vial was stored at -30
°C until crystallization was complete, yielding a black, crystalline solid in the form of plates. The
supernatant was removed and the crystals were dried under reduced pressure to yield Fe2LEt3 in 17.0%
yield (0.259 g).
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Synthesis of CoxLEtx. A sample of Li4L2Et •1(THF) (0.159 g, 0.21 mmol) was dissolved in 5 mL THF at
room temperature. Solid CoCl2 was added (0.060 g, 0.46 mmol) to the pale yellow solution causing an
immediate color change to dark brown. The reaction was allowed to warm up to room temperature and
stirred overnight. The solvent was then removed from using vacuum to yield a tacky brown solid. The
brown residue was dissolved in a minimum of hexanes and the resulting slurry was filtered over a fine
porosity, fritted glass filter to remove residual lithium chloride. The volume of the black filtrate was
reduced to induce crystallization. The vial was stored at -35 °C, and afforded an intractable mixture.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF IRON AND COBALT COMPLEXES
SUPPORTED BY 2,6-BIS[(ISOPROPYLDIMETHYLSILYL)AMINO]PYRIDINE (H2LiPr)

4.1 Introduction
The search to discover a new ligand derivative, structurally similar to H2LMe, to produce another
novel, linear trimetallic EMAC did not cease at investigations with H2LEt. Another variant of H2LMe was
explored by modifying the ligand to an isopropyl derivative following similar ligand protocols for H2LMe
and H2LEt. Similar goals and hypotheses to H2LEt were investigated. We sought out to observe the effect
of steric bulk of a ligand when modulating donation strength, and the ability to support multimetallics
with Fe or Co. The ability to potentially produce another linear triiron or tricobalt complex with H2LiPr
would allow us to probe and compare physical and reactive properties to Fe3LMe3 and Co3LMe3. The results
presented herein are the attempted synthesis of Fe3LiPr3 and Co3LiPr3 investigated by 1H NMR and XRD.

4.2 Synthesis and Lithiation of H2LiPr
Synthesis of 2,6-bis[(isopropyldimethylsilyl)amino]pyridine (H2LiPr) was the initial step in the
attempts to make MxLiPrx (M = Fe, Co) derivatives from a two-step reaction approach. H2LiPr was
historically synthesized by reacting 1 equivalent of 2,6-diaminopyridine (DAP), 2 equivalents nButyllithium (nBuLi) in hexanes, and then 2 equivalents isopropyldimethylchlorosilane in tetrahydrofuran
(THF), resulting in a light yellow viscous oil (Scheme 4.1). However, this method was very sensitive and
at times led to mixtures of compounds. The ligand can also be synthesized using 2 equivalents of sodium
bis(trimethylsilyl)amide (NaHMDS).
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Scheme 4.1. Synthesis of 2,6-bis[(isopropyldimethylsilyl)amino]pyridine (H2LiPr) by nBuLi route.

nBuLi is a strong base, which permits the product to sometimes partially crystallize, implying
impurity, thus causing issues with following reactions, and degrading the quality of the product. Pure
H2LiPr is a liquid, so the product solidifies when the equivalents are imbalanced. When overlithiated, a
third proton comes off, allowing an extra lithium to attach. The strength of nBuLi is derived from the C-H
bond that is formed when DAP is deprotonated.
NaHMDS is a relatively weaker base, which means it struggles to deprotonate the 3rd or 4th
hydrogen atom of the DAP from the formed H2L derivative. When the HMDS- anion deprotonates an
acidic proton, an N-H bond is made. For nBuLi, C-H bond formation is the driving force. NaHMDS can
not over deprotonate H2LR because the complex already has a N-H bond. When N-H is deprotonated, the
base makes an N-H bond as well. The existing bond and the bond formed are similar, which decreases the
effectiveness of deprotonation because both existing and formed bonds are relatively close in energy. A
high quality product is produced when utilizing NaHMDS because H2L is in a liquid state, and the NMR
spectrum indicated a clean product. The use of NaHMDS decreases the presence of lithium in the final
product, another benefit.
Both approaches of nBuLi and NaHMDS were used to synthesize H2LiPr, with the NaHMDS
providing a superior product, and it was characterized by 1H NMR and 13C NMR in benzene-d6.
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Distinctive peaks of H2LiPr at 3.84, 5.84, and 7.16 ppm (Figure 4.1) were indicative of product formation.
The 1H NMR spectrum of the nBuLi route, displayed broader peaks compared to the NaHMDS route in
benzene-d6 (Figure 4.2). Broadening of peaks can be observed from overlapping of similar compounds.
The necessity for the highest possible purity as indicated by 1H NMR of the NaHMDS product, promoted
continuation of starting material ligand synthesis utilizing NaHMDS.

Figure 4.1. 1H NMR spectrum of H2LiPr in benzene-d6 synthesized from NaHMDS route.
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Figure 4.2. 1H NMR spectrum of H2LiPr in benzene-d6, synthesized from nBuLi route.

The synthesis of H2LiPr was then followed by deprotonation using 2 equivalents of nBuLi in THF
to afford a THF-solvated, tetranuclear lithium complex, Li4L2iPr·4(THF). Lithiation of H2LiPr resulted in a
colorless, crystalline solid in 31% yield, characterized by 1H NMR and 13C NMR. Peaks were observed at
0.32, 1.17, 1.37, 3.49, 5.80, and 7.07 ppm measured in benzene-d6 (Figure 4.3, left). The 13C NMR
spectrum exhibited peaks at -1.98, 16.06, 18.84, 98.91, 140.45, and 170.98 ppm, which matched the
expected integrations and splittings of Li4L2iPr·4THF (Figure 4.3, right).
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Figure 4.3. 1H NMR spectrum of Li4L2iPr·4THF in benzene-d6 (left) and 13C NMR spectrum of
Li4L2iPr·4THF in benzene-d6 (right).

A transmetalation of Li4L2iPr·4(THF) was attempted following the protocol used for Co3LMe3 and
Fe3LMe3, to synthesize multimetallic complexes with Fe and Co.17 Metalation of Li4L2iPr·4(THF) was
attempted by the addition of 2 equivalents of anhydrous FeCl2 to a THF solution of Li4L2iPr·4THF for a 1
to 1 L/Fe ratio at room temperature and stirred overnight. Under seemingly similar conditions a range of
Fe based complexes were isolated, none being a comparable triferrous complex. Metalation of H2LiPr was
also attempted with 2 equivalents of cobalt(II) chloride at room temperature and 2 equivalents of
nickel(II) chloride at 55 ºC (due to solubility issues of the Ni reagent) to synthesize possible CoxLxiPr and
NixLxiPr complexes, the results of which are described below.

4.3 Results and Discussion
Transmetalations of H2LiPr were followed by salt metathesis strategy to afford Fe2LiPr3. Synthetic
attempts led to a range of compounds including a mixed valent complex, and a diferric complex, both
with 3 ligands, [(Et2O)3Li][Fe2L3iPr] and Fe2LiPr3, respectively (Figure 4.4, 4.5). Crystallization by
evaporation in diethyl ether resulted in an oxidized, mixed valent species composed of Fe2.52, three LiPr,-2
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ligands, and a diethylether solvated Li(I) cation, observed by XRD (Figure 4.4). Cell parameters consisted
of a = 15.7 Å, b = 15.7 Å, c = 26.1 Å, α = 90.0º, β = 90.0º, and γ = 120º in the hexagonal P3221 space
group, though the diffraction quality was poor. The solid-state structure suggested that both irons had a
+2.5 charge because both were crystallographically symmetric (Figure 4.4). It can be argued that the
complex was delocalized because the charges were the same, and the bond lengths around the irons were
the same.

Figure 4.4. Crystal structure of [(Et2 O)3Li][Fe2L3iPr], mixed valent species, collected at 170 K.

Multiple crystallizations were attempted to isolate the best X-ray quality crystal to observe the
structure of the metalated complex with Fe. A diferric complex was afforded by crystallizations in
hexanes, dichloromethane (DCM), and toluene in the P-1 space group with the unit cell parameters of a =
12.4 Å, b = 12.9 Å, c = 18.6 Å, α = 84.0º, β = 82.3º, and γ = 87.5º by XRD. An interesting observation of
the diferric crystal structure was the presence of 3 unidentified q peaks on the same axis of the 2 irons.
Confoundingly, these q peaks are in positions reminiscent of bona-fide triiron complexes like with the
LMe ligand. This could mean there is some small percentage of a triiferrous congener with the LiPr ligand,
but this has not been directly observed through spectroscopic or diffraction techniques, or if the unit cell
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was misassigned, or there was a mixture of complexes in the crystal (Figure 4.5). XRD collection of the
mixed valent crystal structure was hypothesized as a minority crystal because of oxidation, and from other
crystallizations resulting in a diferric complex.

Figure 4.5. Crystal structure of diferric Fe2LiPr3, collected at 170 K. Irons and q peaks are represented
as space-filling.

A paramagnetically broadened 1H NMR spectrum was collected of a sample in benzene-d6 to further
investigate the suggestive composition of Fe2LiPr3, but proved to be inconclusive (Figure 4.6).
Paramagnetic NMR spectra are difficult to interpret following standard protocols, for instance by
matching predicted splittings and couplings. Couplings are not observed due to the broadness of peaks.
The presence of paramagnetic species can be assumed as an addition of strong local magnets dispersed
throughout the sample. The dispersion disrupts the magnetic field homogeneity of the sample. The
paramagnetic compounds produce their own field, interacting with the magnetic field of the instrument,
which enables broadening throughout the spectrum. This difficulty can go as far as hindering the location
and presence of all peaks because the peaks can broadened to a degree where they disappear into the
baseline.
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Figure 4.6. 1H NMR spectrum of differic Fe2L3iPr crystalline solid in benzene-d6.

Attempts were made to synthesize CoxLiPrx to expand the library of EMAC with H2LiPr beyond just
Fe(II). Initially, metalation of LiPr with Co(II) did not crystallize out any product at -35 ºC for over a
month. 1H NMR of black tacky residue in benzene-d6 suggested intractable mixtures were produced
(Figure 4.7). However, dark crystalline solid was observed after 1 year of crystallization in hexanes.
Crystallographic analysis of CoxLiPrx revealed three linearly arranged Co(II) with a trigonal coordination
environment of N donors, with both Co-Co = 2.37 Å (Figure 4.8). The three LiPr ligands form a helix
around the tri-Co core, and there is no axial ligation, akin to Co3LMe3 (Figure 4.8). The tricobalt complex
crystallized in the P-1 space group with unit cell parameters of a = 12.7 Å, b = 13.0 Å, c = 21.6 Å, α =
103.3º, β = 103.8º, and γ = 98.1º by XRD (Figure 4.8). The Co-Co bond distances of Co3LiPr3 were
slightly shorter compared to Co-Co bond distances of 2.37 Å for Co3LMe3. The difference in Co-Co bond
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distances for Co3LiPr3 was not suggestive crystallographically, due to weak intensity, and possible error
overlap. Efforts are ongoing to isolate a higher quality XRD data.

Figure 4.7. 1H NMR spectrum of CoxLxiPr residue in benzene-d6.
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Figure 4.8. Crystal structure of Co3LiPr3 crystallized for over 1 year in hexanes, collected at 170 K.

Synthesis of NixLxiPr was also attempted to expand the library of EMAC with H2LiPr. The
metalation essentially did not crystallize out any product at -35 ºC for over a month. 1H NMR spectrum of
black tacky residue in benzene-d6 suggested the reaction produced an intractable mixture (Figure 4.9). A
pure compound commonly promotes crystallization.

72

Figure 4.9. 1H NMR spectrum of NixLxiPr residue in benzene-d6.

4.4 Conclusion
The expansion of our ligand library and EMACs was attempted with H2LiPr with Fe and Co to
potentially afford Co3LiPr3 and Fe3LiPr3. Additional metalations were attempted with Ni(II).
Transmetalation attempts with Fe or Co, and Li4LiPr2·4(THF) afforded [(Et2O)3Li][Fe2L3iPr], Fe2LiPr, and
Co3LiPr3. The mixed valent and differic iron complexes kinetically trapped complexes or minor
components of complicated systems observed by 1H NMR and XRD. The results have shown that the
steric size and donor strength of the ligand affects the ability to form a triferrous complex. Although,
H2LiPr is sterically larger than H2LMe, from syntheses of the diiron complexes, it was assumed that the
isopropyl ligand is too large to fit three metals into the core, however, the isolation of Co3LiPr3 suggested
the alkyl groups of the ligand was not too large, and can support a linear tricobaltous core, similar to
Co3LMe3. Both Co3LMe3 and Co3LiPr3 are isostructural. Future investigations can probe differences and

73
similarities in magnetic behaviors, electrochemical properties, and physical properties of Co3LMe3 and
Co3LiPr3. The tricobalt complex and triiron complexes with the methyl derivative have already been
investigated and compared. We sought out to expand the library of novel EMACs, now we have a worthy
congener to observe the effects of ligand modification, with the same metal centers, and similar molecular
structures.

4.5 Experimental Methods
Air sensitive reactions were performed using standard Schlenk techniques or in a Vigor Tech
(Houston, TX) inert atmosphere glove box using dinitrogen as the filler gas. 2,6- diaminopyridine was
purchased from VWR and sublimed at 10-2 torr with heating prior to use. Celite was dried at 200 °C
under 10-2 torr vacuum. Dimethylisopropylsilyl chloride, anhydrous cobalt(II) chloride, anhydrous
iron(II) chloride and solutions of n-Butyllithium in hexanes were purchased from Fisher Chemical and
used without further purification. Solvents were purchased from Fisher Chemical and dried prior to use.
Tetrahydrofuran (THF), diethyl ether (Et2O), and benzene were dried over Na/K alloy while
dichloromethane (DCM) and chloroform were dried using calcium hydride. All solvents were distilled
and degassed via freeze/pump/thaw cycles. All dried solvents were stored over 3 Å molecular sieves
under an inert atmosphere. Glassware was dried at 150 °C overnight and cooled under vacuum before use.
2,6-bis(dimethylisopropylsilylamino)pyridine was synthesized according to a literature report and
characterized using 1H NMR with the substitution of n-butyl lithium in the place of triethylamine as the
base.27 Full details are provided below. NMR spectra were collected on a Jeol JNM-EXP300 FT 300 MHz
spectrometer (300.53 MHz for 1H, 75.57 MHz and for 13C). 1H NMR spectra were referenced against the
residual solvent signal (7.16 ppm for benzene-d6, 7.26 ppm for chloroform-d, 3.58 for tetrahydrofuran-d8)
unless the peak was obscured in which case the residual TMS (0.00 ppm) signal was used. The 13C NMR
spectra were referenced against the residual solvent signal (128.06 ppm for benzene-d6).
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Synthesis of 2,6-bis[(isopropyldimethylsilyl)amido]pyridine (H2LiPr) nBuLi Approach. 2,6diaminopyridine (0.616 g, 5.64 mmol) was dissolved in THF (~5 mL) and cooled to -30 °C. nButyllithium in hexanes (2.48 M, 4.56 mL, 11.29 mmol) was added dropwise via syringe. The reaction
was warmed to room temperature and stirred overnight. Dimethylisopropylsilylchloride (1.554 g, 11.29
mmol) was added dropwise by pipette. The reaction was warmed to room temperature and stirred
overnight. Filtered reaction over a fine porosity, fritted glass filter. The solvent was removed with vacuum
resulting in a light brown oil. The residue was dissolved in a minimum of hexanes and filtered over celite.
The solvent was again removed with vacuum yielding H2LiPr in 89.5% yield (1.565 g).

Synthesis of 2,6-bis[(isopropyldimethylsilyl)amido]pyridine (H2LiPr) NaHMDS Approach. 2,6diaminopyridine (0.750 g, 6.87 mmol) was dissolved in THF (~5 mL) and cooled to -30 °C. Sodium
bis(trimethylsilyl)amide (2.520 g, 13.74 mmol) was dissolved in minimum THF and was added dropwise.
The reaction was warmed to room temperature and stirred overnight. Dimethylisopropylsilylchloride
(1.880 g, 10.07 mmol) was added dropwise by pipette. The reaction was warmed to room temperature and
stirred overnight. Filtered slurry over a fine porosity, fritted glass filter. The solvent was removed with
vacuum resulting in a light brown oil. The residue was dissolved in a minimum of hexanes and filtered
over celite. The solvent was again removed with vacuum yielding H2LiPr in 84.3% yield (1.793 g).

Synthesis of Li2LiPr •2(THF). H2LiPr (0.532 g, 5.917 mmol) was charged into a reaction vial and
dissolved in 5 mL of THF. The reaction mixture was cooled to -30 °C and 2.48 M n-Butyllithium in
hexanes (1.39 mL, 3.437 mmol) was added dropwise via syringe. The reaction was allowed to warm to
room temperature and then stirred overnight. The solvent was removed using vacuum, yielding a white
solid. The residue was dissolved in approximately 9 mL of hexanes and filtered through celite. The
volume was reduced to induce crystallization and the vial was stored at -30 °C until crystallization was
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complete. The supernatant was removed from the crystals and any residual solvent was removed with
vacuum yielding Li2LiPr •2(THF) as a colorless, crystalline solid in 31.2% yield (0.265 g). This compound
is extremely air and water sensitive.

Synthesis of Fe2LiPr3. A sample of Li2LiPr •2(THF) (0.518 g, 1.049 mmol) was dissolved in 5 mL THF at
room temperature. Solid FeCl2 was added (0.136 g, 1.073 mmol) to the pale yellow solution causing an
immediate color change to dark green. The reaction was stirred overnight. The solvent was then removed
from using vacuum to yield a tacky black solid. The black residue was dissolved in a minimum of
hexanes and the resulting slurry was filtered over a fine porosity, fritted glass filter to remove residual
lithium chloride. The volume of the black filtrate was reduced to induce crystallization. The vial was
stored at -30 °C until crystallization was complete, yielding a black, crystalline solid in the form of plates.
The supernatant was removed, and the crystals were dried under reduced pressure to yield Fe2LiPr3 in
17.7% yield (0.098 g).

Synthesis of Co3LiPr3. A sample of Li2LiPr •2(THF) (0.306 g, mmol) was dissolved in 5 mL THF at room
temperature. Solid NiCl2 was added (0.083 g, mmol) to the pale yellow solution causing an immediate
color change to dark green. The reaction was allowed to warm up to room temperature and stirred
overnight. The solvent was then removed from using vacuum to yield a tacky black solid. The black
residue was dissolved in a minimum of hexanes and the resulting slurry was filtered over a fine porosity,
fritted glass filter to remove residual lithium chloride. The volume of the black filtrate was reduced to
induce crystallization. The vial was stored at -35 °C, but no crystals were observed after a month. The vial
was stored at room temperature for approximately 1 year, yielding black, crystalline solid. No yield was
determined.
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Synthesis of NixLiPrx. A sample of Li2LiPr •2(THF) (0.047 g, mmol) was dissolved in 5 mL THF at room
temperature. Solid NiCl2 was added (0.176 g, mmol) to the pale yellow solution causing an immediate
color change to dark green. The reaction was heated at 55 °C and stirred overnight. The solvent was then
removed using vacuum to yield a tacky black solid. The black residue was dissolved in a minimum of
hexanes and the resulting slurry was filtered over a fine porosity, fritted glass filter to remove residual
lithium chloride. The volume of the black filtrate was reduced to induce crystallization. The vial was
stored at -35 °C, but no crystals were observed. The solvent was removed with vacuum to isolate residue.
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CHAPTER 5
SYNTHESIS AND CHARACTERIZATION OF Fe3LMe3 UTILIZING Fe2Mes4

5.1 Introduction
The published synthesis of Fe3L3Me utilizes a two-step sequence consisting first of the lithiation of
H2LMe into Li4L2·4(THF), followed by a transmetalation of Li4L2Me·4(THF) with anhydrous FeCl2 into
Fe3L3Me.17 Currently, the lithiation, transmetalation approach obtains a modest crystalline yield of
approximately 40%. Although yields were not as high, there have been other challenges with the two-step
reaction resulting in impurities in the final product, such as with undesired lithium clusters. Impurities
present in H2L can affect lithiation and metalation of ligand by producing a final product with impurities.
The goal was to utilize a metalating agent, Fe2Mes4, to modify and improve the synthesis of
Fe3L3Me based on established literature such as from investigations of Theodore Betley examining
trinuclear iron complexes.20,30 This was proposed to work by removing of the lithiation step by attaching
the mesitylide base, which is comparable in strength to n-butyllithium, directly to the ferrous ion, thereby
eliminating the alkyl lithium reagent and the LiCl byproduct.20,30 The approach was also proposed to
obtain higher yields by synthesizing the product in one step, rather than the two step method.17

5.2 Synthesis of Fe3LMe3
The synthesis of H2LMe is the initial step in affording Fe3LMe3. H2LMe was synthesized by reacting
1 equivalence of 2,6-diaminopyridine (DAP), 2 equivalents of NaHMDS, and 2 equivalents of
trimethylchlorosilane in tetrahydrofuran (THF), resulting in a light yellow viscous oil. The ligand was
characterized by 1H NMR in benzene-d6, displaying expected peaks at 0.24, 3.72, 5.72, and 7.06 ppm
(Figure 5.1).17
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Figure 5.1. 1H NMR spectrum of H2LMe in benzene-d6.

The Fe2Mes4 reagent had to be synthesized using modified procedures which resulted in a brick
red, crystalline solid.31 Recrystallization of Fe2Mes4 was performed multiple times to improve purity,
yielding approximately 30-40% of final product. The purity of the paramagnetic Fe2Mes4 was suggested
by a 1H NMR spectrum with peaks observed at -6.7, 2.2, 10.7, 18.2, 21.7, and 23.7 ppm, similar to those
published in the literature (Figure 5.2).32
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Figure 5.2. 1H NMR spectrum of Fe2Mes4 in benzene-d6.

The attempted synthesis of Fe3L3Me was designed according to commonly used literature
approaches which included the addition of Fe2Mes4 to 2 equivalents of H2LMe in THF.20 Attempts were
performed at various temperatures including room temperature, 50 ºC, and 75 ºC (Scheme 5.1). In each
case the solvent was removed yielding tacky black solids. The black residue was dissolved in hexanes,
and the resulting slurry was filtered. The volume was reduced, and the residue was stored at -30 °C to
induce crystallization. 1H NMR and XRD collections were used to determine if Fe3L3Me had formed.
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Scheme 5.1. An example synthesis of Fe3LMe3 in this case heated at 50 ˚C overnight in THF.

5.3 Results and Discussion
The initial synthetic attempt to form Fe3L3Me was done at room temperature. This reaction
afforded 2 compounds differing in their solubilities: one soluble in hexane and one soluble in THF. If the
reaction residue was extracted into hexanes, and the hexanes concentrated and stored at -30 ºC for
crystallization, this resulted in crystals which were identified by single crystal XRD analysis and shown
to match Fe3L3Me synthesized from the original two-step route.
Elevated temperature reactions were conducted to reduce or eliminate the unknown compound,
soluble in THF only, with the goal of increasing purification of compound, and improving yield by
heating starting materials in THF at 50 ºC overnight (Scheme 5.1). This approach came from the
hypothesis of a potential kinetic barrier that can be overcome by heat. The decision to heat at 50 ºC was
because the temperature is close to the boiling point of THF, which is 66 ºC, but not over the boiling
point. This approach afforded black, crystalline solid of Fe3L3Me at 23% yield by concentrating the filtrate,
and storing at -30 ºC until crystallization was complete. The yield is much lower than the original twostep synthesis approach. Fe3L3Me was suggested by XRD by matching the unit cell of Fe3L3Me in the C2/c
space group with cell parameters of a = 23.9 Å, b = 18.6 Å, c = 11.2 Å, α = 90.0º, β = 93.2º, and γ =
90.0º.17 Fe3L3Me in benzene-d6 was also suggested by 1H NMR with 3 distinctive, characteristic Fe3L3Me
peaks at -23.19, 49.86, and 72.94 ppm (Figure 5.3).
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Figure 5.3. 1H NMR spectrum of Fe3L3Me in benzene-d6 synthesized from 50 ºC overnight reaction of
H2LMe and Fe2Mes4 in THF.

The reaction was conducted again heating at 75 ºC overnight to improve purity the compound,
and increase yield.20 However, 1H NMR collection of the synthesis at 75 ºC was declared unsuccessful
due to the absence of Fe3L3Me peaks, indicating that the complex does not form at this elevated
temperature.

5.4 Conclusion
Purification of Fe3L3Me is crucial for crystallization, allowing collection of samples by NMR,
XRD, along with further analyses and experimentation. It was hypothesized that using a one-step
synthesis with the metalating agent, Fe2Mes4, would increase the purity and yield of Fe3L3Me. Compared to
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the two-step synthesis of Fe3L3Me, this approach eliminated the lithiation step since the base integrated
into the iron, successfully affording Fe3L3Me.
The yield for the room temperature synthesis was not determined, and the synthesis at 75 ºC
afforded intractable mixtures. However, multiple syntheses at 50 ºC afforded yields of approximately
20%, lower than the previous synthesized two-step approach.17 Although pure Fe3L3Me can be isolated
when utilizing Fe2Mes4, the yield did not improve from 40%.17 The historic route already produces pure
product. The best technique identified herein for synthesizing Fe3L3Me is utilizing Fe2Mes4, heating at 50
ºC overnight in THF. Despite the low yield, this synthetic protocol demonstrated a second successful
method in affording our novel triiron complex, Fe3L3Me.
Considering these results, there are experiments that can be performed to conclude the feasibility
of this synthetic routes. Reaction of H2LMe and Fe2Mes4 in tetrahydrofuran-d in a J-Young, NMR tube
can be conducted to observe which temperature the starting material becomes Fe3L3Me. Measurements
from multiple temperatures starting at room temperature, can be collected by 1H NMR to optimize the
reaction conditions, and potentially improve upon the lithiation route.
Other attempts with Fe2Mes4 and other ligand variants such as H2LiPr were explored, but did not
result in formation of Fe3L3iPr derivatives. Attempted crystallization was unsuccessful, which lead to 1H
NMR collection of the residue in benzene-d6 (not shown). The 1H NMR exhibited many peaks, with no
dominant species, suggesting the reaction produced intractable mixtures. The reaction must produce
reasonably pure complex in order to promote crystallization, however 1H NMR indicated this not to be
the case.
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5.5 Experimental Methods
Air sensitive reactions were performed using standard Schlenk techniques or in a Vigor Tech
(Houston, TX) inert atmosphere glove box using dinitrogen as the filler gas. 2,6- diaminopyridine was
purchased from VWR and sublimed at 10-2 torr with heating prior to use. Celite was dried at 200 °C
under 10-2 torr vacuum. Trimethylsilyl chloride, tetramesityldiiron, anhydrous iron(II) chloride, and
solutions of n-Butyllithium in hexanes were purchased from Fisher Chemical and used without further
purification. Solvents were purchased from Fisher Chemical and dried prior to use. Tetrahydrofuran
(THF), diethyl ether (Et2O), and benzene were dried over Na/K alloy while dichloromethane (DCM) and
chloroform were dried using calcium hydride. All solvents were distilled and degassed via
freeze/pump/thaw cycles. All dried solvents were stored over 3 Å molecular sieves under an inert
atmosphere. Glassware was dried at 150 °C overnight and cooled under vacuum before use. 2,6bis(trimethylsilylamino)pyridine was synthesized according to a literature report and characterized using
1

H NMR with the substitution of n-butyl lithium in the place of triethylamine as the base.27 Full details are

provided below. NMR spectra were collected on a Jeol JNM-EXP300 FT 300 MHz spectrometer (300.53
MHz for 1H, 75.57 MHz and for 13C). 1H NMR spectra were referenced against the residual solvent
signal (7.16 ppm for benzene-d6) unless the peak was obscured in which case the residual TMS (0.00
ppm) signal was used.

Synthesis of 2,6-bis[(trimethylsilyl)amino]pyridine (H2LMe). 2,6-diaminopyridine (6.451 g, 59.11
mmol) was added to a 500 mL Schlenk flask, dissolved in THF (~200 mL) and cooled to 0 °C. Sodium
bis(trimethylsilyl)amide (21.711 g, 118.40 mmol) was dissolved in THF (~150 mL) and transferred
dropwise into the reaction flask via cannula. The reaction was warmed to room temperature and stirred
overnight. Trimethylsilylchloride (12.844 g, 118.23 mmol) was charged directly into a 100 mL Schlenk
flask and transferred to the reaction flask dropwise via cannula, the reaction was stirred overnight. The
solvent was removed with vacuum resulting in a brown solid. The residue was dissolved in a minimum of
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hexanes and filtered over a fine porosity, fritted glass filter. The solvent was again removed with vacuum
affording H2LMe. Yield was not determined.

Synthesis of Fe2Mes4. FeCl2 (0.525 g, 4.142 mmol) was dissolved in 15 mL of THF and heated to 80 °C
for 20 min. The reaction was warmed to room temperature and 1.06 M MesMgBr in THF (7.815 mL,
8.280 mmol) was added dropwise. The reaction was allowed to stir at room temperature for
approximately 1 hour. 1,4-dioxane (~6 mL) was added and reaction was stirred overnight. The red auburn
mixture was filtered over a fine porosity, fritted glass filter and rinsed with THF. The dark filtrate was
dried under vacuum. The residue was dissolved in a minimum of hexanes and filtered over a fine
porosity, fritted glass filter. The volume of dark red filtrate was reduced to induce crystallization.
The supernatant was removed and the crystals were dried under reduced pressure to afford dark red
crystalline solid Fe2Mes4 in 40.51% yield (0.497 g). This compound has short shelf life of approximately
1 month, observed by color change to black solid from red color.

Synthesis of Fe3L3Me at room temperature. H2LMe (0.153 g, 0.604 mmol) was added to vial of solid
Fe2Mes4 (0.179 g, 0.302 mmol) at room temperature causing an immediate color change to dark green.
The reaction stirred overnight. The solvent was then removed from using vacuum to yield a tacky black
solid. The black residue was dissolved in a minimum of hexanes and the resulting slurry was filtered over
a fine porosity, fritted glass filter. The volume was reduced to induce crystallization. The vial was stored
at -30 °C until crystallization was complete, yielding a black, crystalline solid in the form of plates. The
supernatant was removed and the crystals were dried under reduced pressure to afford Fe3LMe3. Yield was
not determined.
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Synthesis of Fe3L3Me Heated. H2LMe (0.158 g, 0.623 mmol) was added to vial of solid Fe2Mes4 (0.193 g,
0.326 mmol) at room temperature causing an immediate color change to dark green. The reaction heated
at 50 °C and stirred overnight. The dark brown slurry was warmed to room temperature. The solvent was
then removed from using vacuum to yield a tacky black solid. The black residue was dissolved in a
minimum of diethyl ether and the resulting slurry was filtered over a fine porosity, fritted glass filter. The
volume was reduced to induce crystallization. The vial was stored at -30 °C until crystallization was
complete, yielding a black, crystalline solid in the form of plates. The supernatant was removed and the
crystals were dried under reduced pressure to afford Fe3LMe3 in 23.5% yield (0.047 g).
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